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SUMMARY

Wide application of artificial respiratory mixtures in clinical practice,
in diving, in high altitude and space flights has attracted attention to the

effects of altered gas media on the human body.

There are opinions in physiology and aviation medicine that a man is un—-
able to determine by his conscious perception the suitability of gaseous mix-
tures for breathing, and sometimes cannot detect changes of inhaled air danger-

ous to life. However, this opinion has not been verified experimentally.

In order to study this question, the author elaborated and employed the
method of active choice of preferred respiratory mixtures by man and animals

(gas preference).

Experimental animals (laboratory and wild rodents) were placed into a
specially constructed device where the gradient of some gas was maintained.
The animal could choose the preferable composition of gas medium bv freely
moving within the device. In human experiments, the subjects (healthy young
men and women) breathed through a mask different gaseous mixtures in turn,

and actively chose one of them guided by their perception.

It was found that both animals and man avoided gas media where either
oxygen content was decreased to 10-127% and less, or carbon dioxide content was
increased to 2.5-3% and more. A sharply negative response was shown to the
mixture having a moderate decrease of oxygen percentage combined with a small
amount of COZ' Man's ability to d=ztect hypoxic and hypercapnic mcdia increased
when time of inhalation of the offered mixtures was prolonged. Analysis of the
experimental data suggests that avoidance response towards these gas mwixtures

is related with the corresponding hypoxic and/or hypercapnic shift in the body
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and partly is caused by increased work of breathing due to hyperventilation,

When common (nitrogen—oxygen) and helium-oxygen mixtures were offered,
with other conditions unchanged, man and animals chose the latter. This fact
can be explained by reduced resistance to the turbulent gaseous stream in the

respiratory tract when breathing helium mixtures.

Under the condition of a fixed breathing regime (deliberately maintained
constant ventilation), the subject's ability to detect alterations in gas medi-~
um composition increased significantly. If a higher level of ventilation was
offered, the subject preferred to breathe not common air, but such mixfures

which were adequate for forced hyperventilation.

Denervation of sinocarotid zones in rats resulted in reduction of behav~
ioral reaction to hypoxic and (to a lesser extent) hypercapnic media. There-
fore, arterial chemoreceptors are the part of the afferent path for gas

preference reaction.

Repeated exposure to the same gaseous mixture fixed the response. In man,
ability to differentiate such a mixture from the air was perfetted. Only the
rodents living under natural conditions in deep holes revealed a lack of reac-
tions towards hypoxic and hypercapnic media. Similar but transient decrease of
hypoxic avoidance was displayed in rats which were kept in an oxygen-poor at-

mosphere for a prolonged time.

Man more willingly breathed hyperoxic mixtures or pure oxygen than common
air when ambient oxygen partial pressure was reduced (exposure in a decompression
chamber at certain degrees of air rarification, a stay in mountains, etc.). At

the end of monthly acclimatization in the mountains, this positive response of

the subjects to oxygen disappeared.

Thus active choice of respiratory media reveals adaptation (congenital or
acquired) of man and animals towards habitual atmospheric composition. Gas

preference can be used as one of the criteria of physiological adequecy of

vi



certain gas mixtures for the investigation of optimal artificial atmosphere

under different conditions of the organism's activity.

As was shown, man is quite capable of detecting respiratory media altera-
tions by means of his conscious perception. It seems that further study in
this area and its possible perfection are of great theoretical and practical
interest.

vii



PERCEPTION OF THE RESPIRATORY MEDIUM
AND GAS PREFERENCE IN MAN AND ANIMALS

I. S. BRESLAV

ABSTRACT. The book is devoted to the problem of the per-
ception of the respiratory medium and to the behavioral responses
of the organism to its composition changes.

The author developed and employed a method of active chouice
of preferred gas mixtures (gas preference) for investigations
in animals and in man. Particularly, man's ability to detect
changes of inspired air gas composition was determined. A
physiological analysis of the active choice was ses was
performed. The relation between these responses and "tuning"
of the organism with a certain composition of the atmosphere
was demonstrated. It was shown that the gas preference method
can be applied to the evaluation of physiological adequacy of
different respiratory mixtures.

FOREWORD

The physiology of respiration is at present experiencing a complicated 12:
period in its development. On one hand, the most intimate processes of pulmonary
gas exchange and mechanics of the respiratory act are being successfully investi-
gated. The regulation of respiration has already been so well studied that the
amount of ventilator response in any combinations of hypoxic and hypercapnic sti-
muli can be predicted. However, on the other hand, life makes demands on this
field of physiology which cause it to take up again problems that would appear
to be already solved. It is not without reason that the overwhelming majority
of works on the physiology of respiration appears in publications of applied
sciences. More and more often, man must change the usual respiratory medium --
atmospheric air -- to an artificial one. In the respiratory and blood-circula-

tion disease clinic, in surgery and anesthesiology, inhalations of various gas

* Numbers in the margin indicate pagination in the original foreign text.



mixtures are widely applied. High-altitude and space flights and descents

of man under water are both concerned with periods in an artificial atmosphere.

The author of this studv has approached the problem of the physiological
influence of an altered respiratory medium in an original manner. He has
developed a principally new method which permits the organism to choose

independently the preferred atmospheric composition -~ the gas preference

method.
The author has discovered the ability of animals and man to distinguish /6

changes in the composition of the respiratory medium. This has great value,
not only on the general biological plane, but also in practice. 1In partidular,
the development of this ability in man (up until now, hardly studied at all)
might be used in selecting and training fliers and astronauts, and also in

evaluating safety control in high-altitude and space flights.

Active choice, as the data presented in the monograph show, is a generalized
integral index of the physiological adequacy of a gas medium for animals and
man. This helps to clarify the optimum composition of respiration mixtures
for a physiological condition of an organism, and under conditions of a long

period in an altered gas medium -- to evaluate the possibility of adapting

to such a medium.

It is highly probable that the gas preference method will find application
in research in selecting therapeutic gas mixtures for various: diseases, recom-
mending the composition of an artificial atmosphere for enclosed habitationms

under ground, under water, and in outer space, etc.

A critical outline is given in the monograph of current research on receptor
instruments, which provide adequate organism response in an altered respiratory

medium. Incidentally, the appearance of such a survey in Russian is long over-

due.



This work undoubtedly enlarges the arsenal of research methods and deepens
our concepts in the field of respiration regulation. Thus it will be of special
interest for doctors and physiologists.

Leningrad, January, 1968 Professor A. G. Zhironkin
Doctor of Medical Science

Editor



INTRODUCTION

The higher animals and man have refined analyzer systems which contribute /7
to the continuous adaptation of the functions of the organism to changing
conditions of external and internal environment. Appropriate sensitive instru-
ments ensure responses to the smallest fluctuations of temperature, light
and other factors. 1In particular, the olfactory receptor, which I. P, Pavlov
included together with the gustatory receptor in the concept of chemical
analyzer, can detect the most insignificant admixture in inhaled air. Suffice
it to say that man has the ability to detect by smell the presence of tfinitro-

butyltoluene in a concentration of 5'10-13 grams in 100 ml of air (Bronshteyn.

1950).

At the same time, our chemical analyzer is apparently "deaf" to the content
of the basic components of the atmosphere itself. Textbooks usually say that
oxygen, nitrogen and inert gases are "ordorless and tasteless'. Carbon
dioxide is an exception. However, the unique "smell" of carbon dioxide is
only detected in high concentrations, which are never met under ordinary

circumstances.

And at the same time precise responses of respiration and other systems to
relatively small changes of the partial pressure of oxygen and carbon dioxide

in inhaled air have been well researched.

An explanation of the physiological meaning of the contradiction between an
apparent inability of the organism to perceive immediately the content of an in-
haled gas mixture and the presence of mechanisms of adaptation to changes in the
content of oxygen and carbon dioxide in the atmosphere would, in our opinion,

shed light on some, as yet not fully clear, aspects of respiration regulation.

The ability to distinguish the gas content in an inhaled medium can be Zﬁ
not only of theoretical, but also of practical importance. The history of

aeronautics and mountaineering tells of many instances of the tragic death of



people who were unable to notice a threatening lowering of oxygen partial
pressure in the atmosphere. It is true that the development of life support
systems and methods of gas medium control have greatly reduced this danger.
However, man's rapid conquest of outer space and the ocean depths makes this
problem urgent again. Astronauts, and frequently also aquanauts, must breathe
an artificial gas mixture, the content of which can change unexpectedly for
various reasons. Could a man, not consulting the corresponding instruments,
distinguish shifts in the content of an inhaled mixture which are essential to
him and take necessary measures, in the same way that a pilot, for example,
using his own senses, can adjust the temperature conditions in the cockpit?
This question is also of great importance since the composition of an artificial

atmosphere will probably differ from ordinary air.

The immediate value of this research is also in the explanation of the
question of man's and animals' ability to distinguish changes in the composition
of basic components of the respiratory medium. Exactly what is meant here by
the term "distinction" must be more accurately defined. Strictly speaking,
an organism perceives a change of any parameter of the medium each time there
is a response of some physiological function to that change. By way of illus-
tration, if in the respiration of a mixture containing 0.25% COZ’ an increase
in pulmonary ventilation is noticed in man, then the organism is already

distinguishing such a concentration.

But in this work we are using the term "distinction" in a narrower sense-—
as the ability of man to give a verbal report about his sensations by which he
determines changes in the composition of the respiratory medium. In animals
another, although incomplete, analogy with these distinctions presents general
behaviour response in the form of active movement in space, caused by localized

changes in the gas composition of the atmosphere.

To research similar responses in various respiratory media, we have
developed a method of active choice of preferred gas mixtures -- gas

preference.



Under conditions of free movement in space, the organism selects a zone
which is physiologically optimum according to several indices. Such responses
of free choice have been given the name of preferences. The choice of animals
of points of preferred temperatures —-- thermal preference -- can be observed
(Herter, 1924; Kalabukhov, 1939, and many others). Photopreference has been
researched -- the choice of physiologically adequate illumination zones
(Hooker, 1911, cited by Mrosovsky and Carr, 1967, and others). Also related il
to preference is discrimination displayed by animals and by man concerning
forms of food and drink (Kassil' 1964, 1969; Kassil', Ugolev and Chernigovskiy,
1964 and others).

The gas preference method consists of recording the preferences which an
organism shows for one respiratory medium in comparision with others. Gas pre-
ference in animals is revealed in the form of their active movement under condi-
tions of a spatial gradient of gas concentration, and in man in the form of a
substantiated verbal report of the choice of one of the respiratory mixtures
offered. As will be shown, gas preference reflects an integral response to
changes of the gas composition of a medium and can properly serve as a criterion

of an organism's ability to distinguish these changes.
We thought it important first of all to clarify the following problems:

1) exactly what changes in the composition of the gas medium can be

distinguished by animals and man;
2) what is the mecdhanism of gas preferences responses, primarily their

receptor element;
3) what is the biological role of these responses and what factors

determine an organism's choice of a respiratory mixture.



Chapter I

GAS PREFERENCE, EVOLUTION, EXPERIMENTAL METHODS /10

EVALUATION OF RESPIRATION AND THE GASEOUS ENVIRONMENT

Animals' reception of the gas medium and responses to a change in its com-
position are closely connected with the process by which gaseous exchange
occurs between an organism and the surrounding medium. In proportion to the
complexity of the respiration function, these responses not only are perfected,
but are fundamentally changed. So far very little is known about the choice of
the respiratory medium by animals at various stages of the evolutionary scale

(see survey: Zhironkin and Breslav, 1968).

Invertebrates

In unicellular animals living in water, gaseous exchange occurs through
the surface of their bodies; therefore, the only means of regulating
respiration here is movement in the water. Each form chooses the zone not
only of proper temperature and salt composition of the water, but also of
oxygenation adequate for itself. Thus, the distribution of zooplankton at
certain stages reflects the gas saturation of various layers of the water and
current. One of J. Haldane's colleagues (Bles, 1929; cited by Haldane and
Priestley, 1935) described the behavior of the shell amoeba (Arcella discoides).

When it is in a weakly oxygenated medium, it produces in its cytoplasm vacuoles

of almost pure oxygen which make it lighter, and it floats up to a layer of

water more saturated with this gas.

The expressed preference concerning oxygen content can also be observed

in more highly organized invertebrates. One form of shrimp (Penaeus japonicus)

ugsually buries itself in sand, but when the oxygen concentration in the medium



falls to a certain level, the animal protrudes from or completely comes out

of the sand (Egusa and Yamamoto, 1961).

Klinger (1963), observing the movement of nematodes under experimental
conditions, recorded positive taxis of round worms in relation to a source /11
of carbon dioxide, which served as a reference point for them in the search
for food. A similar phenomenon is also encountered in several insects, (Prosim-

ulium decematriculatum, Simulium euryadminiculum, S. aureum; Fallis and Smith,

1964). In other forms of insects, carbon dioxide preference is connected with

choosing a suitable place for oviposition (Orthosoma brunneum) (Paim and

Beckel, 1964). Chemoreceptors in the weevil larva Otiorrynchus sulcatus,used

for orientation of carbon dioxide concentration,were discovered in the end

joints of the jaw feelers (Klinger, 1966).

The preference that many invertebrates have concerning carbon dioxide can
hardly be coincidental. It is known that termites spend almost all their
lives in a medium carefully isolated from outside air and saturated with moisture,
where the carbon dioxide concentration approaches 15 - 18% (Halifman, 1962).
It is possible that the atmosphere of the Earth had a similar composition in
earlier geological eras (Sokolov, 1966) when termites were also widely distri-

buted, and they have been preserved now as living fossils.

It occurs to us that a study of gas preference of organisms on various
levels of the evolutionary scale could shed light on several, as yet
unresolved, questions concerning changes occurring in the composition of the

atmosphere during the development of life on our planet (Gilbert, 1968).

Fish

Although fish have a comparatively complex system of respiration (gills
and,in several varieties, cutaneous and intestinal respiration,) they do not
possess a developed mechanism for regulating this function. Their respiratory
movement increases only in an insignificant degree with an insufficiency
of oxygen and an excess of carbon dioxide. (Babak, 1907; Voskoboynikov and



Balabay, 1935 and others). At the same time, fish must discharge through
their gills a relatively large quantity of water to extract the oxygen.
(Dejours et al., 1968).

The choice of a water medium which contains a certain concentration of
dissolved oxygen is the primary means of meeting the gaseous exchange require-
ment in these animals. Within the optimum zone selected by the fish, fluctuations
of oxygen concentration do not influence the gaseous exchange of the fish in
question (Privol'mev, 1947) and normal incubation of their embryos occurs
(Bishai, 1960). On this basis a functional-respiration theory of fish
migration is suggested. If the concentration of oxygen in a medium falls below /12
the zone of oxygen adaptation characteristic for a particular population, the T
fish cannot compensate for this decrease by intensified respiratory movement
and begin to search for a place with more highly oxygenated water, especially
in the period of spawning migration when gaseous exchange in the organism

increases (Privol'mev, 1948).

Various kinds of fish select water which has a different degree of oxygen-
ation. Some fish prefer cold water where there is more dissolved oxygen and lay
their eggs in fast running, but consequently well-oxygenated streams (Puchkov,
1954). Sea fish are especially exacting with regard to the gas condition of
the water. The regular distribution of fish in various sea currents has a
direct practical importance in forecasting concentrations of commercial varieties.
(Ardov, 1964). The "oxygen threshold" of fish can be altered as a result of
long periods in water of higher or lower oxygenation. (Puchkov, 1954).

Thus, fish possess a clearly expressed gas preference which serves
essentially as a direct mechanism for respiration regulation. This phenomenon
has also been studied under experimental conditions. A number of authors have
noted natural migration of fish in an artificially produced spatial gradient
of oxygen content. (Jones, 1947, cited by Sommers, 1962; Whitmore et al,
1960, cited by Sommers, 1962). By reinforcing the active movement of small
goldfish by offering oxygenated water, Sommers (1962) noted an adequate motor



response of the experimental species. The author defined this response as

the ability to regulate the respiratory medium by means of acquired behavior.

Where are the receptor fields which enable fish to perceive the gas
composition of a water medium? There is basis to assume that they are the
branchiate receptacles which come in direct contact with the water flowing
through the gills and serve as chemosensitive zones (Sepp, 1949; Hughes and
Shelton, 1962). The receptor endings of branchiate arms of the vagus nerve
located here generally play an important role in respiration regulation of
fish, which are known to be sensitive to a deficiency of oxygen and insensitive
to an excess of carbonic acid. (Babak, 1907; Kravchinskiy, 1945; Krogh, 1959;
Serbenyuk, 1968). As indicators of the oxygen content in the surrounding water
medium, the branchiate receptors can be considered as homologues of the small

carotenoid coils in terrestial vertebrates (Chernigovskiy, 1960).

On the whole, there has been very little research done on behavior responses
of fish to the gas composition of a medium., Even the recently published
collection Povedeniye i retseptssi ryb (Behavior and Reception of Fish) (1967)

did not contain one work which concerns this question.

The peculiar behavior of fish which breathe in two ways is interesting.

These are forms transitional to terrestial vertebrates. In the water, these /13

animals can exist for some time by gill respiration, but for full gaseous
exchange they must come to the surface periodically to gather a portion of

air into their primitive lungs. An appropriate chemoreceptor impulse probably
serves as the stimulus to float up. The existence of receptors which sense
oxygen and carbon dioxide in the surrounding medium is demonstrated in dual-
breathing fish, but their localization is not yet known. (Jesse et al., 1967).

Terrestial Vertebrates

With the transition to an air medium and to exclusively pulmonary
respiration, the entire "respiratory behavior" of the organism changes

qualitatively.

10
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The composition of the lower layers of the atmosphere is almost identical
over the whole planet. At sea level, out of a general barometric pressure of
760 mm Hg., the partial pressure of oxygen is, on the average, about 159 mm Hg,
fluctuating with varying meteorological conditions (pressure, temperature,
humidity) from 140 to 163 mm Hg. (Orlov, 1959). The partial pressure of
carbon dioxide does not usually reach 1 mm Hg. The rest of the air comprises
nitrogen with a small admixture of hydrogen and inert gases, basically argon,

and water vapor.

Because of the spatial uniformity of the atmosphere, the emphasis on
respiration in terrestial animals is transferred from adaptation to the external
medium to the regulation of gaseous conditions of the internal medium. An
organism's gaseous exchange varies mainly in connection with muscular activity;
to a lesser degree, it is influenced by temperature and other factors. The
higher animals have an exceptionally perfected apparatus to control the interior
medium most delicately. It is sufficient to recall with what precision the

constancy of gas pressure is maintained in the alveolar air to blood.

Since a choice of the interior gas medium is no longer demanded, the motor
apparatus is set free from a given function. In this connection, as is known,
under natural conditions terrestial vertebrates do not develop a gas preference.
But doesn't this indicate that the higher animals are deprived of the ability
to respond to changes in gas medium composition? Not at all. We know that
the apparatus for respiration regulation and blood circulation in the higher
vertebrates is also very sensitive to the oxygen and carbon dioxide content
in inhaled air. Therefore, these animals also possess receptor apparatus
which enables them to distinguish the composition of the respiration medium.
Perhaps only the uniformity of the composition of this medium under natural
conditions keeps us from observing behavior responses similar to those described

in lower organisms, mainly water creatures.
But the possibility of gas preference in higher animals and man has hardly /14

been studied at all. This can be explained first of all by methodological

reasons. A noticeable spatial drop of gas concentration is not found in the

11



atmosphere, and it is difficult to make such a gradient artificially because
of the rapid displacement of gases. Therefore, up until now, selection of a
preferred gas medium, in the literal sense, has not been described for
vertebrate animals. We have attempted to overcome these methodological
difficulties, taking notice of certain approaches to the problem used by

a number of researchers.

TECHNIQUES OF GAS PREFERENCE STUDY

Animal Experiments

Theoretically, gas preference in animals can be discovered using various

methods.

In the research cited on lower animals, simple observations were made of
the behavior of experimental objects under conditions of a naturally or artific-
ially constructed exygen or carbon dioxide gradient (Jones, 1947; cited by
Sommers, 1962a; Klinger, 1963). But it is difficult to maintain a gas gradient
in an air medium, and visual analysis of animal reactions under free behavior
conditions is unexact. Sommers used a more complex methodological process.
He developed specialized motor responses in experimental animals. A conditioned
reflex was developed in tortoises, to the pressure of a lever controlling
the air supply (Sommers, 1963a). In experiments with rats, a hypercapnic
mixture was supplied, and the animals were trained to press a special tube
or disc to stop the entry of this mixture (Sommers, 1962b). Weinstein {1967)

used an analogous method in experiments with doves.

However, even this research method is faulty. Responses to a gas medium
are registered by an artificially developed motor act, which complicates the

experiment and interpretation of its results.

At one time Herter (1934) in research on temperature preference constructed
a special thermogradient instrument -- a long chamber along which a drop in
temperature was produced. In such an instrument the animal could choose the
temperature he preferred.

12



We used an analogous principle as the basis of our research with small
animals. But it is considerably more difficult to construct a gradient of
gas content than it is a temperature gradient. It proved to be necessary to /15

construct a special arrangement of continuous gas supply for this purpose.

The principal part of the gas gradient instrument (Breslav and I1'nitskiy,
1964; Breslav, 1965a) which we built (Figure 1 and 2) is a narrow chamber
divided into 10 - 20 sections by partitions in which there were openings. In
Figure 1 the partitions are seen in the mirror mounted on the chamber. The
dimensions of the sections and openings depend on the kind of animals used
in the experiments. In the roof of the chamber there is a door to put in the
animals. The chamber lies half-way along a transverse axis (Figure 2, 0) and
when the animal moves there is a small vibration in the vertical plane. These
vibrations are transmitted by means of a gear transmission and double-arm
lever to a stylus which registers all movements of the animal in the chamber on
kymographic tape. Contacts (K1 and K2) are located under both ends of the
chamber. Each is closed by the least slant of the chamber. The contact turns
on a pulse counter circuit (C1 and CZ)’ which fixes, with the help of an
interceptor in the same circuit, the time period (n) the animal is in the corres-

ponding half of the chamber.

To maintain the gradient of gas composition, there are pipes in the end walls
of the chamber through which gases or gas mixtures are continuously supplied
from tanks during the experiment. Gradually mixing, these gases constantly llé
maintain a linear drop of the medium composition between sections of the
chamber. Naturally, the maximum difference in gas composition occurs between
the end sections. After partial mixing, the gas leaves the chamber through
pipes in the front walls opposite each section.

The mixtures can be prepared beforehand in the tanks themselves, or they
can be produced from gases from two or more tanks along the supply route in
each end pipe, (Figure 2, 1, 2). To create the necessary gradient in the
chamber, a specific delivery speed is set for the gases in the end pipes (6)
of the chamber (7) using valves (4) controlled by floating rotameters (3,5).

13
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Figure 2, A diagram of the gas supply in the chamber
of the gas gradient instrument and the recording of
the behavior of the animal. Explanation in the text.



The gas flows which pass through both the left and the right end pipes
(indicated in the illustration by arrows) must be low and equal between them.
Otherwise, in the experiments the animals could respond not only to the
composition, but also to the different speeds in the movement of the gas
mixtures in various parts of the chamber. Other necessary conditions are
uniformity of temperature and illumination along the whole length of the
chamber, and the absence of foreign irritants which could influence the behav-
ior of the animal during the experiment. Regarding this last case, the front
wall of the chamber is covered with dark lacquer. The mirror we mentioned

permits the behavior of the animal to be observed visually.

In our experiments, .in the first minutes the animal usually made a number
of orientation runs along the chamber, after which he usually chose one of
the ends, where he stayed until the completion of exposure. The normal length

of the experiment was from 10 to 30 minutes.

In the experiments, as a rule, we used the most simple strains: white mice

CC 57 (2 - 3 months o0ld) and white Vistar rats (3 - 4 months old). Special ser-

ies were conducted with rats of various ages and also with several types of

wild rodents.

Human_Experiments

In the literature available to us, there was no research spe¢ially dedi-
cated to human gas preference. An exception might be one work (Bartlett and
Hertz, 1962) whose purpose was quite limited: men alternately breathed air
and pure oxygen through a mask to determine if the subjects could distinguish

one of these respiratory media from the other.

In our experiments we used the principle of an active choice of gas
mixtures breathed through a mask with a verbal characterization of each mixture

by the subject.

a7

15



Determining gas preference was not the only aim in human observation. The
dynamics of extermal respiration and several other physiological indices for

the inhalation of various gas mixtures were determined. This was necessary

for physiological analysis of the responses observed in the subjects and for the

choice of respiratory media.

To conduct these kinds of complex experiments, it was necessary to use an

apparatus which could report accurate computations of the dynamics of pulmonary

ventilation in the respiration of various mixtures and which could also provide
quick and convenient switching of the subject from one mixture to another. The
composition of each of the inhaled mixtures had to remain constant during the
course of the experiment. With this aim, we constructed jointly with B. N.
Volkov and V. M. Mityushov (Breslav et. al., 1969) an apparatus, based on

a hydraulic spirograph, which would provide respiration with gas mixtures not
in a closed system (as in the usual spirograph), but in a circulating system
with an automatic flow of inhaled mixtures through gas counters. This method
gives a constant concentration of each of the respiratory mixtures and an
accurate recording of a volume of respiration per minute. Change from one
mixture to another is. accomplished using electric switches, instantaneously,

without disturbing the continuity of the recording.

The principle of the operation of the apparatus (Figure 3) is as follows.
The subject breathes through a mask (1l). The inhalation comes from the spiro-
graph cylinder (2), and the exhaled air emerges through a valve (3). During
exhalation, a pneumatic mercury pressure switch (4) connected with the mask,
and a relay system (the eleccric circuit is not shown) close the corresponding
electromagnetic inhalation valve (5) and turn on the automatic flow ot the
mixture to the spirograph from the gas tank (6). The mixture is admitted,
since the electromagnetic valve (7) is opened and passes through the gas
counter (8). The power supply circuit of the valve is opened by a certain
position of the writing mechanism with a sliding contact (9), which is con-
nected with the spirograph cylinder. Consequently this is filled exactly to
its original level, at which the next respiration cycle begins. Two or more of

these spirograph lines can operate in the apparatus, each being connected with
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Figure 3. Diagram of the spirograph line. Explanation
in the text.

a separate gas tank and inhalation valve [three such valves (10) are depicted
n the diagram! which record the respiration of a specific gas mixture. The
subject changes from one respiration mixture to another by means of a buttom

switch placed in a panel.

During the experiment, the subject sat quietly at the panel (Figure 4)
in a comfortable chair and breathed through a small mask which cowered only
the nose area. This provided nasal respiration, which is the most physiolog-

ical respiration with little (about 15 ml) additional dead space.

During the course of the experiment, besides the respiration curve, a
record of the oxygenation of the subject's blood was also kept on the spiro-
graph tape (using selsyns which duplicated the readings on the oxyhemograph
0-36M), as well as his pulse (by a specially modified pulse tachometer).

The dynamics of the composition of the exhaled air were continuously re-

corded by a quick-response gas analyzer GUM-2 and an oxygen analyzer MMG-7.

/19
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Figure 4. Apparatus for studying human gas preference.
The subject in the mask is at the panel which switches
the respiratory mixtures. At the left of the panel —-
the unit which automatically supplies gas mixtures and

records parameters of respiration and pulse.

Calculation of the composition of alveolar air as well as alveolar ventilation
was performed according to the last fraction of exhalation, using the equations

of Fenn and Rahn (Fenn, Rahn, Otis, 1946).

Course of the Experiment. Before the experiment, the subject rested for

20 minutes. The experiment was begun with five minutes of breathing room
air, after which began a "period of prescribed respiration", which served as
a physiological index in the inhalation of the gas mixtures used in the
experiment and to first acquaint the man with the mixture. In each experiment
two mixtures were presented. The subject breathed the first of them for 5, 10,
and 15 minutes, and then breathed the other mixture for the same length of
time. The mixtures were changed by commands from a magnetic tape recorder.

We will cite the physiological characteristics recorded in the last minute of

respiration of one or other of the mixtures as characteristic.

A period of free choice of 10 or 15 minutes followed the prescribed /20
respiration. The subject could be switched from mixture to mixture, as he
desired, until he selected one of them on the basis of his own sensations. At
the end of the experiment, he gave a verbal report to characterize his

sensations in breathing each of the gas mixtures presented.
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The composition of the respiratory mixtures was not made known to the
subject. The order in which the different mixtures were used in the experiments
and the location of the buttons which the subject used to switch from one
mixture to the other were carefully randomized, i.e., they were varied in a
consciously random order to avoid the influence of attendant factors (formation
of conditioned association with the sequence of mixtures or the location of the
switch while breathing a certain mixture) on the man's distinguishing and

selecting of mixtures.

General Principles of Gas Preference Evaluation

We used a principle which is based on the comparision of responses displayed
by the organism to supplied mixtures whose composition varied from experiment
to experiment (differentiated) on the one hand, and responses to a mixture
which remained unchanged in all the experiments of a given series (undifferent-
iated), on the other. The character of the undifferentiated mixture depended
on the purpose of the experiment being conducted. This was mostly air of
ordinary composition (21% 02 in nitrogen). In any event this was a medium
where the component whose effect was being studied had normal composition. For
example, if responses to carbon dioxide with various concentrations of oxygen
were being studied, then we would use an undifferentiated mixture with a
normal, increased or decreased (but constant in experiments of each series)
content of oxygen, without an admixture of carbon dioxide. As differentiated
mixtures we used those with the same content of oxygen, but with varying
concentrations of carbon dioxide. A similar research system facilitated

evaluation and interpretation of the data received.

In the experiments with animals in the gas gradient instrument, the gradiemnt
of gas composition was set so that an undifferentiated medium was supplied in
one end of the chamber, and a differentiated one in the other. In human
experiments, two respiratory mixtures were offered: differentiated and
undifferentiated. The purpose of the experiment was first of all to explain
the tendency of responses to a given differentiated medium: positive if the
experimental object preferred that medium in comparison with the undifferentiated

one, or negative, if that mixture was rejected and the undifferentiated one was



preferred. There were also cases when no preference was shown and it had to

be concluded that the subject organism did not distinguish the offered mixtures.

The distinctive feature of the human experiments lay not only in the fact /21
that active choice occurs specifically by human ability -- by manually switch=~
ing respiratory mixtures. It is also important that, besides the actually
demonstrated preference of one of the offered mixtures, we also considered a
particularly human form of response -——- the verbal report. At the end of each
experiment the subject had to answer the following standard questions:
1) did the offered respiratory mixtures differ from each other; 2) which
mixture seemed better; 3) what sensations accompanied the respiration of each
mixture. The verbal report was an indication of man's ability to knowingly
distinguish between respiratory media and makes it possible to determine more

accurately why one or another response was made to an offered gas mixture.

In the overwhelming majority of experiments, the preference expressed
verbally for one or other gas mixture concurred with actual choice. If the
subject avoided breathing the differentiated mixture, then in his verbal
report he indicated that this mixture seemed worse to him, and he noted the
unpleasant sensations which it caused. On rare occasions there was a discrepancy
between actual choice and the verbal resonses of the subject. For example,

a man could not in the time allotted for him choose a mixture, but in his report
he indicated a preference which he was inclined to give one of them. If, on

the other hand, he avoided one of the mixtures, and in the verbal indication
reported them to be equal, perhaps it could be assumed that a choice had
occurred subconsciously, and the sensations of the subject in breathing the

mixtures did not reach the verbalization level.

For quantitative evaluation of gas preference, we used an index of the
choice of the differentiated mixture (St) -~ the difference between fragments
of time during which the experimental object breathed mixtures (differentiated
and undifferentiated) relative to the general length of the period of free
choice:

. e —
Sy =ty
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where td and ti are the time of respiration (in minutesg) of differentiated
and undifferentiated mixtures respectively (in animals — total time in
corresponding zones of the gas gradient instrument; in man — the period of
time over which he breathed each of the mixtures); T is the period of choice

(in animal experiments it agrees with the length of complete exposure to the

gas gradient instrument).

If, for example, the index of choice by an experimental animal for a
determined differentiated mexture is 0.24, this indicated that it avoided a
given mixture, and the period of time in the differentiated zone of the gas
gradient instrument was 24% less than in the undifferentiated one. In man, /22
such a choice index would mean that the subject breathed in an undifferentiated

mixture 24% longer than a differentiated mixture.

The present book studies the gas preference response to the following
changes in the composition of the respiratory medium:

(1) reduction in oxygen content (hypoxic mixtures);

(2) increase in oxygen content (hyperoxic mixtures);

(3) 1increase in carbon dioxide content (hypercapnic mixtures);

(4) replacement of neutral nitrogen gas by helium (helio-oxygen mixtures);

(5) different combinations of these factors.
The results of this research, which we performed on rodents and on humans

(together with Ye. N. Salatsinskaya and A. M. Shmeleva) are presented in the
following chapters.
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Chapter II

RESPONSES OF THE ORGANISM TO RESPIRATORY MEDIA WITH
ALTERED OXYGEN AND CARBON DIOXIDE CONTENT

Before discussing gas preference reactions to hypoxic, hyperoxic, or hy-
percapnic media, each time we are obliged to recall briefly several character-
istics of the effect these media haveon the basic physiological functions of

higher animals and man and to answer the following questions:

(1) What are the most important adaptive responses to altered oxygen
and carbon dioxide contentsin the atmosphere exhibited by the
respiratory system and the systems connected with it; what are

the thresholds of these responses?
(2) How effectively are these compensatory shifts able to support an
adequate gas regime for the organism and its normal wvital activity,

especially the functions of the central nervous system?

HYPOXTC MEDIUM

The most significant respirator response to a medium with lowered partial
pressure of oxygen is an increase of pulmonary ventilation. The threshold of
ventilator response in man is considered to be a reduction of the oxygen con-
tent of inhaled air to 18-16% (Ellis, 1919; Haldane and Priestley, 1935;
Voytkevich, 1952). At an ascending altitude, an increase in the volume per
minute of respiration (VRM) can be noticed even on reaching 1000-1200 meters
above sea level (Lutz and Schneider, 1919; Armstrong, 1952). Apparently ven-
tilation begins to increase when the alveolar oxygen pressure falls to 93 mm Hg

(Hornbein, et al., 1961). Inhaling a mixture containing 13% O, causes

2
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ventilation to increase in only eight seconds (Girard et al., 1959). 1In the
respiration of hypoxic mixtures, the ventilation level is stabilized in one to
two minutes, although oxygen saturation of the blood can continue to drop

(Dembeau et al., 1965).

Ventilator response intensity depends on the degree of decrease of partial

pressure of oxygen (Po )} in the inhaled mixture. Maximum response (almost
2
double increase of VRM) is observed under the influence of a mixture containing

6 - 8% 02, or in an "ascent" in a pressure chamber to 7 km (Gray, 1950;
Beregovkin et al., 1963).

On the other hand, with an even sharper decrease of the oxygen content of
a medium, VRM decreases. In man, such lowering of pulmonary ventilation is ob-
served in breathing a mixture containing less than 6% O2 (Knowles, 1959) —

more precisely, when arterial P0 drops to 25 mm Hg (Purves, 1966).

2

Haldane and Priestley (1935) considered frequent and shallow respiration
as typical for hypoxia. Actually, according to data from many researchers,
ventilator response to an insufficiency of oxygen occurs because of increased
frequency of respiratory movements (Seredenko, 1963; Kirchoff, 1963, and
others), although several did not observe such an effect in man (Beregovkin
et al., 1963; Buteyko et al., 1966). Nevertheless, nearly all the authors
agree that respiratory volume (depth of respiration) is certainly increased
under hypoxic conditions (Dripps and Comroe, 1947; Asmussen and Nielsen, 1958;
Beregovkin et al., 1963; and many others) according to intensification of
pulse activity of the respirator neurons in the respiratory center and the
muscle~respirator (Kulik, 1967). This leads to a considerable increase of
alveolar ventilation, i.e., an increase of that part of imhaled air which
directly penetrates the alveoli and participates ipn pulmonary gaseous exchange.
An increase of alveolar ventilation also seems to be the most immediate compen-—

sation mechanism for an insufficient oxygen content in an inhaled gas mixture.

An increase in the oxygen supply from lung tissue is another important
adaptation to an oxygen deficiency in a medium. This is mostly achieved
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because of changes in hemodynamics.

According to Haldane and Priestley (1937), in man the pulse increases when
a mixture containing only 17% O2 is inhaled. V.I. Voytkevich (1952) noted this
reaction under the influence of an 18% mixture (before it is possible to see an
actual increase of ventilation), and N.A. Rossolovskiy (1958) noted it in climb=-
ing mountains to an altitude of more than 2000 meters. Inhalation of a mixture
containing 8% 02, or an "ascent" in a pressure chamber to 7 km is accompanied
by increased frequency of heart contractions to 100 or more beats per minute

(Chernyakov, 1960; Richardson et al., 1966).

At threatening degrees of oxygen starvation, tachycardia alternates with
pronounced bradycardia. This phenomenon, as well as a decrease of ventilation,
is already an indication of the failure of regulatory mechanisms (Armstrong,
1952). 1In rabbits such response begins with a decrease of arterial P0 to 125
30 mm Hg (Horner, 1965). 2

Combined with increased systolic volume (Bershteyn, 1966), increased
frequency of heart contractions with a moderate degree of hypoxia leads to a
greater volume of blood per minute (Vogel and Harris, 1967), the magnitude of
which in man, inhaling a mixture with 8% 02, can reach 1767 in comparison with
the initial volume (Richardson et al., 1966). In connection with an increase
of vascular tone (Greenfield and Ebert, 1963; Fowler and Read, 1963) the linear
rate of the bloodstream also increases (Chernyakov, 1960). Maintaining an
adequate oxygen supply to the tissues is also achileved by regulation of the

regional vascular tone (Gurevich and.Bershteyn, 1966).

Several changes of metabolism must also be attributed to adapting mechan-
isms. It has been noted for a long time (Kartashevskiy, 1906) that oxygen
consumption in animals decreases if the content of that gas in the medium falls
below 9%Z. This phenomenon was subsequently verified in cats (Gubler, 1958, and
rabbits (Lyszczarz and Glogowska, 1966).

Our experiments on white mice (Breslav, 1966) showed that upon exposure

24



to a hypoxic atmosphere, the gaseous exchange of experimental animals decreased.
Such a decrease began when the oxygen content in the medium was 15.5% or less.
In the interval between 15.5 and 7.5%, the oxygen consumption of the mice cor-
related almost completely with its concentration in the atmosphere of the gas-
exchange chamber. A number of authors have also observed a reduction of gaseous
exchange in man at certain degrees of hypoxia. This occurs as a result of in-
haling mixtures containing 11-8% 02
5-7 km (Sergeyev, 1926; Shick, 1949; Beregovkin et al., 1963). It is true
that A.Z. Kolchinskaya (1936) noted an increase of oxygen consumption in people

or "ascending' in a pressure chamber to

in the pressure chamber at an altitude of 4-7 km, and a decrease only at higher
altitudes. The increase in gaseous exchange noted in man during the beginning
period of exposure to an hypoxic medium (Alexander and Yegorov, 1947, et al),

is probably connected with activation of the described compensatory responses

of respiration and blood circulation. The nature of hypoxic decrease of gaseous
exchange is not completely clear, but evidently it has a connection with chem-
ical thermal regulation mechanisms under these conditions (K.P. Ivanov, 1959;

1966 ; Konstantinov et al., 1968).

We will not discuss physiological mechanisms of adaptation to prolonged
existence in an oxygen-depleted atmosphere, (that is the topic of Chapter VI),
but we will limit ourselves to the question of the effectiveness of the immed-
iate adaptation responses with which the organism responds to hypoxia, and we
will attempt to explain to what degree these mechanisms can compensate for the

lack of oxygen in a respiratory medium.

Respiration of a mixture composed of 13% O, in nitrogen is accompanied /26
o of almost half — from 100-102 to 50-55 mm Hg
(Haldane and Priestley, 1935% Girard et al., 1959). Due to the constancy of

by a decrease of alveolar P

PCo (38 mm Hg) and water vapor (47 mm Hg), during an altitude increase, the
2

oxygen content falls more quickly in the alveoli than in the surrounding atmos-

phere. At analtitudeof 15 km it reaches zero.

But the most important criterion of compeéensation for an oxygen deficiency

in an inhaled gas mixture is the Po of arterial blood. Po in blood drops
2 2
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more slowly than in the alveoli: in hypoxia the alveolar-arterial gradient of
P02 decreases (Schuurmans and Kreuzer, 1967). Besides, the S~shaped oxyhemo=-
globin dissociation curve enables the blood to maintain a normal oxygen con-
tent during small degrees of decreased pressure in alveolar air, and, conse-
quently, in the bluod itself. Evidently, a decrease in oxygenation of the blood
can be noted in man during respiration of a mixture containing 17% 02 (Haldane
and Priestley, 1935)." V. I. Voytkevich (1952) did not detect a decrease of
oxygen saturation of the blood in the greater part of experiments conducted
inhaling a mixture of 18% 02; under the influence of a 16%-mixture, such a de-
crease was noted in several people — 14%,in the majority and 13%,in all sub-
jects. The greater the ventilator response to the hypoxic mixture, the less

the oxygenation of the blood decreased.

According to A.Z. Kolchinskaya (1963), during "ascents" of people in a
pressure chamber, the following quantities of oxygen saturation are observed

in arterial bloeod:

Altitude (in km) Oxygen saturation of the blood (in %)
1-3 94 - 89
4-5 88 - 70
5.5-7 70 - 40
8-10 below 40

These data concur with the values obtained by other authors (Vogel and

Harris, 1967).

approximately corresponding degrees of hypoxemia are also revealed in

pressure chamber ascents of rats (Tribukait, 1963a).

Of decisive importance in estimating the degree of compensation for an
oxygen deficiency in an organism is the pressure of that gas in the tissues,

especially in the brain, as it is most demanding of oxygen regime conditioms.
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Only in recent years has it been possible to explain this by applying polaro~-

graphic research methods.

It has been shown with dogs that, in respiration of mixtures containing

10% 02, the P of the brain comprises 75% of the initial content, and in res-

()
piration of a g%—mixture'—— only 477% (Kovalenko, 1963). In rats, hypoxic media
cause sharper shifts in the oxygen regime of the brain; with only 13% 02, tissue
oxygen pressure drops in the cerebral hemispheres to 35-45%, and with 9% 02 to
55-60% (Bernsteyn, 1968). But the insignificant decrease of arterial P02 still

does not influence the oxygen pressure in brain tissue. This is explained by
the fact that normally the brain works with an excess of partial pressure of
oxygen, comprising approximately 9 mm Hg (Diemer, 1965: Bernsteyn, 1966). And
because of the intensification of the blood supply to the cerebrum (Kety, 1948;
Gurevich and Bernstein, 1966), this organ generally appears to be in a privi-

leged state under hypoxic conditions.

At the same time, the brain's extraordinarily high sensitivity to hypoxia
(Petrov, 1949) allows an inadequacy in the delivery of oxygen to the tissues
to be determined first of all by a disturbance of the functiong of the central
nervous system. In "ascending" to an altitude of 1.5 km, rats develop a de-
crease, and,at higher altitudes (8 km), a sharp increase in the threshold of
local irritation in the motor zone of the cortex (Dolina, 1965). In rats,
response to "thermal pain" (intense heating of the tail) (Bullard and Snyder,
1961) decreases during respiration of a mixture with 7.5% 02, and completely
disappears under the influence of a 5%-mixture. Dogs in the pressure chamber
at an "altitude" of 1-2 km display an intensification of the excitation pro-
cesses and an impairment of differentiations, At an "altitude" of 3-5 km they
show phase conditions, and finally in an "ascent" to 6~7 kms — diffused inhib-
tion and disappearance of conditioned reflexes (Lifshits, 1949). This hypox~
emia causes a breakdown of the dynamic stereotype in dogs, long depression of

conditioned and even unconditioned reflexes (Zvorykin, 1953).

Generally analogous changes in higher nervous activity are noted in man

121
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under hypoxic conditions. Characteristic phenomena during "ascents" in a
pressure chamber are: at altitude of 1-3 km — excited mood; 4-5 km —
impairment of mental responses, reduction of self-critical ability, and a
decrease of efficiency; 5.5-7 km — loss of efficiency; 8-9 km — loss of
consciousness (Kolchinskaya, 1963; Ioseliani, 1967). Man's higher nervous
activity also suffers when mixtures are inhaled in which the oxygen concentra-
tion is lower than 13% (Bernshteyn, 1968). Inhalation of mixtures containing
7% 02 or less causes a signficant change in handwriting, and deteriorating

performance on pyschological tests (Balakhovskiy, 1952).

Characteristic changes are observed in electroencephalograms of man with
the inhalation of mixtures containing 12-10% 02 (or less) and when "ascending"
in a pressure chamber to an altitude of more than 4 km (Berger, 1934; Altukhov
and Malkin, 1952; Kolchinskaya, 1963; Caspers and Schutz, 1963; Repin, 1965;
Madarasz et al., 1965).

Summarizing what has been discussed, it can be concluded that a decrease
in the oxygen content of inhaled air to 18-17% or correspondingly, exposure to
an altitude of 1-2 km above sea level, is the threshold of respiratory and cir-

culatory responses to hypoxia.

These responses reach a maximum under the influence of respiration of

mixtures with 8-6% 02 or ascension to an altitude about 7 km.

Strictly speaking, there is no complete compensation for hypoxic shifts
when there is an oxygen insufficiency in the respiratory medium (for reasons
which will be elucidated in Chapter V). However, because of adaptive respon-

ses, shifts of P0 in the blood and tissues (especially in the brain) occur

2
much more slowly than the oxygen content drop im the inhaled mixture.

A marked impairment of an organism's oxygen regime develops during inhala-
tion of mixtures with 17-16Z~02,or at an altitude of 1.5-2 km. From this moment
the first indications of hypoxia of the brain become pronounced. Inhalation

of mixtures containing less than 7-6% 02, or an ascent to an altitude of 7 km

28
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and more, leads to sharp impairment of the central nervous system functioms,
depression of adaptive responses, and consequently to the organism's loss of

ability to compensate in any degree for a shortage of oxygen in the medium.
Let us discuss more throroughly the question of how much the organism is
able to discern these degrees of oxygen insufficiency in the atmosphere and how

this ability is revealed in the gas preference of animals and man.

Hypoxic Gas Preference in Animals

"And here is what happend at the airfield where they were testing air-
planes", says a popular science journal. "Having received the assignment,
the test pilot took his place at the controls ... The engines roared, the
steel machine rose into the air and began to gain altitude. Already there was
nothing to breathe in the airplane compartment. The pilot switched on the oxy-
gen. And here he suddenly noticed a little mouse which had gotten into the
airplane — goodness knows how — while it was on the ground. Now the little
mouse gasped for breath. And here some sort of unaccountable sense caused him
to spring up onto the chest of his terrible enemy — man, and cling to the
valve from which a little oxygen was escaping. The little mouse sat in this
position until the end of the flighz.) As soon as the plane descended, the
1

little rodent ran away in a flash."

This incident (if true) indicates that an animal, under conditions of a
spatial oxygen gradient, exhibits a negative behavioral response to an hypoxic
medium. However, in scientific literature we find no experimental facts of a
similar kind. And what is more, Sommers (1963) showed that a tortoise does
not distinguish anoxic composition of the air supply in its air bladder when

it is immersed into water. But the subject selected by Sommers is not very apt:

the low level of gaseous exchange combined with the high oxygen capacity of the

blood and the insensitivity of the central nervous system to extreme degrees

(1)See story of B. Rzhevskiy "Trouble Teaches", Nauka i religiya (Science
and Religionmn,) No. 7, 1967, p. 53.
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of hypoxia enables many tortoises to breathe under water for a long time

(Belkin, 1968).

In our experiments (Breslav, 1963, 1965b), the animals were studied with
a gas gradient instrument. A more or less hypoxic medium was created in the

differentiated zone (Figure 5)(2).

We found that white mice scarcely react to a mixture where the oxygen con-

tent is lowered to 18 and even 15%. But the mice clearly avoided a mixture of

12.5% 02, preferring, in the overwhelming majority of cases, the undifferentiated

(air) zone of the instrument. Negative response was maximum when the oxygen
content was 5% at the differentiated end of the chamber. 1In a medium composed
of almost pure nitrogen (2% 02), the behavior response of the animals was
weaker, obviously because of their slowed down state in such an atmosphere.
Some of the experimental mice (about 10%) did not even succeed in withdrawing

from the hypoxic zone, and died there from acute oxygen starvation.

In white rats the threshold of negative response to hypoxic mixtures was
higher and corresponded to 11-10.57% oxygen content in the differentiated zone
of the gas gradient instrument. Such a difference could be caused by less sen-
sitivity of rats to an oxygen insufficiency. Figure 6 shows a kymogram which
reflects the behavior of a rat in a hypoxic gradient (from 21 to 10% 02).

With a decrease of the oxygen concentration in the differentiated mixtures to

7%, avoidance by the rats of the hypoxic zone increased.

Thus, animals exhibit negative behavior response to a medium with a cer-

tain degree of decreased partial pressure of oxygen.

Precisely what factors cause such response? Corresponding research in

man must help to answer this question.

(2)1n this and other figures the vertical lines represent standard
errors (m).
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Figure 5. Hypoxic gas preference

of rats (1) and mice (2). Average

data from 20-40 animals.
Vertically - choice index for
the differentiated zone (St);

Horizontally - percent of oxygen
in the differentiated zone.
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Figure 6. A kymogram showing move-
ment of rats in a hypoxic gradient (from
21 to 10% 0.,). There is a distinct
preference by the animals for the air
medium in comparison with the hypoxic.
Beneath - time (in minutes).

Hypoxic Gas Preference in Man

Analyzing evidence from the
first balloonists, and also their
own experimental observations,
Haldane and Priestley repeatedly
emphasized the lack of specific
sensations which would allow
people to notice a vitally danger-
ous decrease in the oxygern content
of the surrounding medium. During
a balloon flight (1875) this fact
kept Croce-Spinelli, Sivel, and
Tissandier from using the oxygen
they took with them, and as a re-
sult two of them died. Similar
observations are also cited by
A.A. Sergeyev in his "Ocherki
po istorii aviatsionnoy meditsiny"
(Essays on the History of Aviation
Medicine) (1962).

"Few diseases",ﬂwrites Arm~-
strong, ''are able to cause such
extreme changes in an organism
(including death) and have at the
same time such weak subjective
manifestations as altitude sick-
ness. It can often be observed

that a man with altitude sickness

loses consciousness without any preliminary effects". (1954, p. 221).

What is more, oxygen starvation 1s oftem accompanied by an euphoric
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intoxication-like state, concluded by a sudden loss of consclousness. Rapid
decrease of the oxygen content in inhaled air also leads to loss of conscious-
ness, sometimes with the sensation of a blow. It is true that in certain
degrees of hypoxia (rapid ascent to an altitude of 3-3.6 km or higher) man can
feel "general physical lethargy and vague mental anxiety", flickering in the
eyes, asphyxia, giddiness, etc. But with further intensification of oxygen
starvation, the acuteness of sensations 1s rapidly dulled, probably because of

impaired sensory functions of the nervous system (Armstrong, 1952).

Therefore, In aviation medicine, the use of oxygen for respiration in high-~

altitude flights (naturally in an unsealed cabin) is absolutely compulsory, re-

gardless of how the crew feels.

The opinion that man is unable to evaluate the adequacy of the oxygen con-
tent in a respiratory medium by his own sensations is confirmed by numerous

studies of oxygen starvation in an organism (Petrov, 1949, and many others).

At the same time, it cannot be assumed that hypoxic signals do not reach
the higher sections of the nervous sytem. In animals as well as in man, condi-
tioned reflexes are quite easily developed, where a respiratory medium with a

decreased oxygen content serves as an unconditioned irritant (Voytkevich, 1952;

Arkhangel 'skaya and Segal', 1954, et al.).

In our research, (Breslav and Salatsinskaya, 1968) during the2 experiment
a man alternately inhaled air (undifferentiated mixture) and a differentiated
mixture with a decreased concentration of oxygen (from 18-7%) in nitrogen. In
Figure 7 we see the responses of subjects in experiments where the assigned

respiration period of these mixtures was limited to five minutes.

Under these conditions it was found that most people did not distinguish
mixtures containing 18-15% O2 from air; some subjects avoided a 12% mixture.
Media with 10.5-9% oxygen concentration caused statistically significant nega-
tive response. Finally, an even more depleted mixture (7% 02) was rejected in

nearly all cases. /32
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In choosing the nmixtures, the sub-

jects cited unpleasant sensations which

g 150 +0.5
S #0F +0.4
D 130F +0.3 were characterized in verbal reports
o ol
E Zgh:gi mostly as "it is difficult to breathe";
o ’gg:_a(; more rarely as '"'suffocating", '"not
- ?g::gé' enough air", "dizziness", "cloudy vision",
K] .
- gg::gé etc. Such sensations as a rule did not
c: .
*‘;g"gg appear before the 2nd-3rd minute of
Yy - U
° ig“gg breathing an hypoxic mixture. One of
e - U
R R T the experiments is shown in Figure 8,

20201918171615 14 131211109 8 7
where the differentiated mixture contained
Figure 7. Hypoxic gas preference of

man. Average data from 45 subjects, 9% 02.

Columns ~ choice index for the

differentiated zone (St);

Solid line -~ VRM; If we compare, on the one hand, the

Broken line - saturation of the

blood with oxygen (in % of the curves of increased pulmonary ventila-

initial). Horizontal - 7% of tion and decreased oxygenation of the
oxygen in the differentiated blood with, on the other, the responses
mixture.

of the subjects to these mixtures (gas

preference), it can be noted that the
degree of avoidance of one or other mixture is generally proportional to the
hypoxemia caused by it. Actually, the negative choice of hypoxic mixtures by
the subjects correlates very well with the percentage of incomplete oxygen
saturation of the blood, and less well with the intensity of ventilator response
to these mixtures. Corresponding correlation coefficients are + 0.99 * 0.05 and

-0.92 + 0.13.

This revealed that the time during which the hypoxic medium acts also has

an influence.

Let us consider subjecE response to 5-, 10-, and 1l5-minute inhalations of
slightly (15%), moderately (127%), and significantly (97) depleted oxygen gas mix-
tures (Figure 9). During respiration of hypoxic mixtures, pulmonary ventilation /34
reached a maximum in the lst-2nd five-minute period. By the fifth minute, alveolar

air has an almost constant composition. Oxygenation of the blood continued to
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The rest of

decrease to the 15th minute, but not nearly as sharply as in the first five

minutes.

At the same time, negative choice of slightly and moderately hypoxic

mixtures developed only if respiration time subsequently reached 10 or 15

minutes.

Thus, the more oxygen-depleted the gas mixture and the greater de-

crease of oxygenation of the blood it causes, the less time man needs to dis-

tinguish this mixture from air.

Inhalation time and the degree of hypoxemia necessary for man to disting-

uish hypoxic mixtures werestudied in this form:

Oxygen content in
respiratory mixtures
(%)

15
12
10.5

Length of given respiration

period in which subjects re-

liably distinguish mixtures
(in min.)

15
10
5

Average decrease
of oxygenation of
the blood by end
of the inhalation
period (%).

9
17
24
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It may be inferred that avoidance of hypoxic media does not develop simply
with a certain decreased oxygenation of the blood, but just at that moment when

some total oxygen deficiency is established in the organism.

But if this is so, then man must also detect his own hypoxic condition

when the oxygen content in a medium decreases gradually and evenly.

As a matter of fact, A.B. Gandel'sman (1965) showed that it is possible
for man to develop the ability to evaluate quite accurately, on the basis of
natural sensations, the oxygenation level of his own blood when hypoxia was

gradually developed during respiration in a closed system.

We conducted a similar experiment to explain a somewhat different problem:
at what moment can man, not previously specially trained, give a verbal report
about his change of sensation if the oxygen content 1s decreased gradually, and

not suddenly as with switching respiratory mixtures.

The experiment was as follows. The subjects breathed air through a mouth-
piece for 5 minutes, then switched to a closed system of return respiration
(Krogh apparatus)*. The oxygen content in the air of the system gradually de-
creased in proportion to oxygen consumption. Liberated carbon dioxide was
absorbed by sodium lime. At the moment when the subject noticed "a change in
the composition of the respiratory mixture" (a statement in the instructions).
he gave a signal. Then return respiration continued until the onset of ex-
pressed signs of oxygen starvation (tremor, damage to muscular tone, loss of
consciousness) or until the subject indicated a feeling of the impossibility
of further respiration. In this last case, he himself switched to air respira-

tion. After the experiment, the subject gave a verbal report of his sensatiomns.

As shown in Figure 10, a change in how the subject felt usually began in

the 8-9th minute of return respiration in the closed system. The sensations

= : —_ . o
Translator's Note: Named after a Danish physiologist noted for research
on the capillaries.

36



]
-
D
S

40 i 2
35t
3.0r
251+

A

#’

-‘:J_.“

=

%?

S
ZHin 02

i ‘”vv

2.0 l“h[l'llll“lnu\[ﬁ.n’w‘ v
15k '|T' lH'n‘. ' ' ‘ A —60
10} 22b 8 |
asr i | 1 ! o _ 1 1 1 3;1
o+ 6 5 4 3 2 1 0
Figure 10. Spirogram (1) and oxygen saturation of the blood

(2) in man in return respiration and gradually increasing
hypoxia.
Figures - VRM (in liters); upward arrow - the moment when
the composition of the inhaled mixture is distinguished;
downward arrow - active switching to air; 3 - time (in
min); left - scale of respiratory volumes (in liters);
read from right to left.

noted mostly were labored breathing, shortage of air — more rarely, giddiness
and a pounding in the temples. At this moment the average oxygen content in
the medium was about 107%, and oxygenation of the blood was about 80%. After
this the subject could still breathe in the closed system for 2-3 minutes until
the experiment ended. The oxygen content in the system by the end of the ex~-
periment fell to 6%, but oxygenation of the blood fell to 60% or somewhat

lower.

In several respects the data resemble parallel observations in man made
by I.S. Balakhovskiy (1952) of the changes in bioelectric activity of the brain
and oxygen saturation of the blood during respiration of an hypoxic medium.
With oxygenation of the blood to 67-78% 02, an encephalogram showed isolated
slow fluctuations: this conforms to the first indications of impairment of
higher nervous activity (change of handwriting, extended time of psychic
With saturation of the blood to 48-68% O

response). groups of shallow fluc-

2’
tuations developed, and shortly after the subject required an end to the

experiment.

Thus, both animals and man distinguish a change in the composition of an

inhaled mixture if its oxygen content decreases about half. This moment
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corresponds to a significant decrease in the oxygenation of the blood and in-
creased pulse frequency. Partial pressure of oxygen, corresponding to the
threshold found in our experiment, which develops with hypoxic preference, takes

place under natural conditions at an altitude of 4-5 km above sea level.

In aviation medicine, this region is called the partial compensation zone:
certain disturbances of a number of physiological functions of the organism
appear here. If we confine ourselves to the classification suggested by A. Z.
Kolchinskaya (1963), this indicates the stage of so~called compensatory hypoxia
(which changes to the latent hypoxia observed at an altitude of 1-3 km). At this
stage in addition to respiratory responses, mechanisms are activated which in-
crease the blood supply to vitally important organs. In essence, this compensa-
tion is not complete. This is expressed by the indicated changes in a number

of functions, especially those of the central nervous system.

Maximum negative responses in mice and rats to mixtures containing 5-77% 02
correspond to the sharp (approximately half) decrease of oxygen saturation of

the blood in animals and indications of tissue hypoxia (Atland et al., 1967).

Therefore, negative response to an hypoxic respiratory medium is evidently
connected to the development of a non-compensatory disturbance of the oxygen

regime in the organism, more accurately, of ¢ certain degree of oxygen

deficiency.

HYPEROXIC MEDIUM

Under natural conditions land creatures never encounter increased partial
pressure of oxygen in the atmosphere; therefore hypoxia appears to be a non-

biotic factor.

Neverthless, respiration of oxygen-enriched mixtures causes uniform res—

ponses from a number of the organism's systems. A study of these responses

37

does not have only theoretical importance. Oxygen is widely used as a therapeutic

means. Divers must often work in a medium that has increased partial pressure
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of oxygen. At least in some cases, cosmonauts will probably also have to breathe

hyperoxic mixtures.

The majority of researchers note that in breathing pure oxygen or hyperoxic
mixtures (containing more than  30% 02), pulmonary ventilation in animals and
man decreases (Campbell, 1928; Euler and Liljestrand, 1940-41; Zhironkin, 1956;

Lembertsen, 1963b; Kovalenko et al., 1964; Mirtz and Begenat, 1965) in accord-
ance with decreased pulse activity of inspirator neurons and muscles (Kulik,

1967). It is true that several authors, on the other hand, consider moderate
hyperventilation to be characteristic of hyperoxia (Behnke et al., 1935;
Golodov, 1941; Heck and Loschcke, 1942; Cruss and Warner, 1951; Brandis et al.,
1960) .

Detailed observations have shown that even in 2-6 seconds after the begin-
ning of inhalation, oxygen causes decreased ventilation. This lasts 1-3 minutes
and, according to various data, comprises 3 to 31% of the original level. Such
a decrease of VRM is evidently explained by deactivation of hypoxic stimulation
of arterial hemoreceptors, by their '"physiological denervation', which is treated
in Chapter V. With subsequent respiration, in connection with secondary shifts
(acidification of blood because of increased oxyhemoglobin content and other
factors), ventilation again reaches the original level or even exceeds it (Dripps

and Comroe, 1947; Dejours, 1962; Backsliger et al, 1963).

A reduction in respiratory movement is a more stable response to hyperoxia
(Bert, 1878; Briggs, 1920; Binet and Bochet, 1955; Zhironkin, 1956; Zhironkin
et al., 1965; Gleason and Edwards, 1963).

Thus, respiratory responses to excessive oxygen content actually lead to
significant changes of alveolar ventilation and cannot have serious adaptive

importance.

The case of the cardio~vascular system is evidently different. A slowing
down of the pulse is quite characteristic in hyperoxia (Ananov, 1873; Bert,
1878; Behnke et al., 1935; Berkovich and Shakhnovich, 1940; Meda, 1950;
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Sorokin, 1960; Redderson and Grawenstein, 1964; Mollaret et al., 1965). At
the same time, the systolic and Per minute volume of blood decreases (Anthony,
1940; Sorokin, 1960; Aber et al., 1964). Arterial pressure, according to the
majority of authors (Bezugliy, 1958; Backsliger, 1965; et al. ) drops.

A result of these shifts is a reduction of the bloodstream rate (Sorokin,
1960; Jackobson et al., 1963; Redderson and Grawenstein, 1964), which in turn
reduces the oxygen supply from the lungs to the tissues. Limiting oxygen trans-
port also causes a decrease in the mass of circulating blood (Sorokin, 1960) and
constriction of peripheral vessels (Brandgendler, 1927; Sorokin, 1960; Redderson
and Grawenstein, 1962; Robert, 1965), in particular those of the brain (Tinel,
1927; Dumke and Schmidt, 1943; Klossovskiy, 1951; Lambertsen et al., 1953;
Womack, 1961; Bergofsky and Bertum, 1966).

A discussion of the effects observed in prolonged respiration of hyperoxic
mixtures under pressure does not enter into our task. It is well-known that
such effects cause a complex group of phenomena of oxygen poisoning in the or-
ganism, characterized by qualitatively different shifts of physiological

functions.
How does the oxygen regime of an organism change in hypoxia?

Alveolar oxygen pressure in air respiration comprising 102-107 mm Hg in-
creases with inhalation of a mixture of 50% oxygen and nitrogen tae 300, and in
respiration of pure oxygen to 650 mm Hg (Meda, 1950; Bishop and Cole, 1962).
However, inspiration of hyperoxic mixtures impairs the distribution of gas in
the lungs (Howard and Penman, 1967). In connection with a change of the

ventilator-perfusion coefficient, the alveolar-perfusion gradient Po increases,
2

so that oxygen pressure in arterial blood is increased somewhat less in compari-
son with alveolar blood (Lenfant, 1965, et al.). This is also assisted by the
opening of arteriovenous anastomoses (bypasses) in the pulmonary cycle (Bishop

and Cole, 1962, and others).

Nevertheless, arterial Po- increases 5-6 times during respiration of pure
2
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oxygen (Said et al., 1961) reaching 400-500 mm Hg in the first 1-2 minutes
(Heller and Watson, 1961). The oxygen content of the blood increases almost
exclusively because of dissolved gas by 2.2 - 2.4 vol. % or by 10-12% of its
content in the blood during air respiration  (Anthony, 1940; Dedyulin, 1949;
McDowall, 1964; Mollaret et al., 1965). The point is that oxygenation of
hemoglobin in arterial blood, normally constituting 96-97%, reaches 100% with

o of 170-180 mm Hg (arterial P0 corresponding to 130-140 mm),
2 2
i.e., in breathing a mixture containing 35% 02 (Mattes et al., 1937; Douglas

and Edholm, 1949; Kress, 1959; Honda and Kreuzer, 1966).

an alveolar P

Because of these facts, oxygen pressure in the tissues, espe¢ially in the
brain (where, as has been said, the vessels undergo spasms), increases compara-
tively little (Marshak, 1963; Grechishkin, 1964; Zhironkin et al., 1966;
Ackerman and Brincley, 1966; Bergofsky and Bertun, 1966). Within 1 - 1.5
minutes after the beginning of inhalation, respiration of oxygen causes an in-
crease of P02 (maximum) in various sections of the brain of not more than
1.5 - 2 times, compared with normal (Kovalenko and others, 1961, 1964; Ilin,
1966). Oxygen pressure in the spinal fluid increases slower than in the blood

(Backsliger, 1965; Gaudebout et al., 1965).

Hyperoxia is accompanied by several functional shifts in the central nerv-
ous system, although incomparably less apparent. In an oxygen-enriched atmos-
phere (30% and more), certain changes in the electroencephalograms of rats have
been recorded (Caspers and Schﬁtz, 1963). Even in short-term respiration of
hyperoxic mixtures (from 55 to 100% 02) regular fluctuations were noted in
higher nervous activity (Rickle and Krivoshenke, 1948; Zilov, 1953; Zhironkin,
1956). Changes in psychic functions under the influence of oxygen have also

been described in man (Upenskiy, 1870; Lehmann and Graf, 1942, and others).

Therefore, respiration of pure oxygen or hyperoxic mixtures causes in man
and animals several shifts in respiration and blood circulation. These develop
even in the first minutes of inhalation. Principally because of compensatory

hemodynamic responses, and also because of the fact that the oxygen content in
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the form of oxyhemoglobin (i.e., basically its carrier in the blood) does not
increase much, increased oxygen pressure in the tissues, especially brain
tissues, occurs to much lesser degree than in the respiratory medium. Neverthe-
less, respiration of mixtures containing more than 30-50% 02 are accompanied by

several changes in the functions of the central nervous system.

Let us now discuss data which concern behaviorial responses of animals and

man to a hyperoxic medium.

Hyperoxic Gas Preference in Animals

In the experiments of Z.P. Kuznetsov (1958) dogs were repeatedly made to /40
breathe pure oxygen; at the same time their paws were stimulated by an electric
current. As a result of these combinations, delivery of oxygen to the respira-
tion mask began to cause active withdrawal of the animals' paws. This seems to
indicate that some kind of signal entered the higher sections of the central
nervous system. This signal, connected with the hyperoxic condition of the

organism, is very weak to be sure (the described conditioned reflex took 75-80

combinations to develop).

Evidently animal behavior in a medium with local increased oxygen content

has not yet been studied.

In our experiments, a hyperoxic medium (70-90% 02) was created in the dif-
ferentiated zone of the gas gradient instrument. Experiments on rats showed
that the reaction to such a mixture was not the same in animals of different
age groups. In Chapter VI, where shifts of gas preference in ontogenesis will
be the subject of a special discussion, we will support the assumption that

there is a connection between these reactions and age characteristics of an

organism's oxygen regime.
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Hyperoxic Gas Preference in Man

"Is it possible to distinguish air from oxygen in respiration?" — the
research of Bartlett and Hertz (1962) was published under this title. Healthy
people (pilots) were offered alternately ordinary air and pure oxygen to breathe.
Interrogation showed that the subjects could neither confidently distinguish be-
tween these media, nor accurately determine "which was which'". All the answers
had a random distribution. From this fact the authors drew a somewhat unexpect-
ed conclusion: as long as a man does not know exactly what he is breathing,
then medical application of oxygen ... is useless (if there is no deficiency of
this gas in the atmosphere or in the unhealthy respiration organs). By the same
rule, we can say that all medicine is useless that does not have a particular
taste! Nevertheless, the work of Bartlett and Hertz is of great importance, as
it is, evidently, the only published research devoted to man's distinguishing
an hyperoxic medium, even though oxygen inhalation for therapeutic purposes

has been widely practiced for nearly two hundred years.

Judging from our research (Figure 24), people really distinguish poorly
between oxygen and air. But one cannot say that this ability is completely
absent in man. A considerable portion of the subjects noticed a difference in /41
sensations upon breathing air, on the one hand, and almost pure oxygen (98%)
on the other. It is true these distinctions did not produce any specific ver-
bal statement. In the majority of cases, the subjects indicated that oxygen
was "harder to breathe", and avouided breathing this gas, preferring the air
mixture. A choice index for a 5-minute period of a given respiration was

-0.33 +* 0.15, for a 10-minute period,~0.42 *+ 0.16.

During respiration of oxygen, ventilation dropped in the first 1-2 minutes,
and then was established higher than originally, which corresponds to the data
presented by Dejours, Backsliger, and others. The experiments shown in Figure

11 can serve as an example.

The avoidance of oxygen can be attributed, it seems to us, to a passing

response to hyperoxia, mostly to its spasm action in brain vessels. The
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Figure 11. Man's respiration of air and pure oxygen. The distinct preference of the
subject for air in comparison with oxygen is shown. Legend the same as in Figure 8.



following fact can serve as indirect confirmation of that. If carbon dioxide
was added to both respiratory mixtures (both the undifferentiated and the differ~
entiated) in equal concentrations (3.5%), then the majority of subjects did not
avoid the oxygen, but preferred it (selection index was +0.29 + 0.13). It is
known that if hyperoxia, as has been emphasized, causes constriction of the
vessels in the brain, then excess carbon dioxide in the blood lessens this
effect and leads to vasodilation (Lambertsen, 1963a, 1963b). It is true that
for the same reason positive response to oxygen i8 developed in people when
breathing in an extended artificial stagnant area, which is created by the
activation of a crimped tube between the mask and the breather valves. Under
these conditions 80% of the subjects preferred to breathe oxygen instead of

air.

We will consider response to oxygen with a background of hyperoxymia sep-
arately. Against such a background, especially at certain altitudes, a positive
attitude is clearly developed in man toward breathing oxygen (see Chapter VI).

It may be inferred that response to a hyperoxic medium in any degree re-
flects the state of the oxygen regime of an organism at a given moment. A
study of these responses under normal conditions and in patholégy can be useful
in demonstrating response to inhalations of hyperoxic and in some cases to
hyperoxic-hypercapnic mixtures. This is not only a question of oxygen therapy
for respiratory, circulatory and other disorders which lead to general or local
oxygen deficiency (Dembeau, 1957; Sorinson, 1960; Levine et al., 967; and many
others). It also concerns the use of an oxygen-enriched respiratory medium for
healthy people when there is sharply increased energy expenditure, mostly in

strenuous muscular activity (Marshak, 1961; Anisimov, 1968; and others).

In any case, man's ability (even though it is weakly expressed) to dis-
tinguish oxygen from air indicates that physiological shifts occurring with /43

even the brief influence of a hyperoxic medium have an influence on the

organism.



HYPERCAPNIC MEDIUM

Although carbon dioxide is one of the least significant components of the
atmosphere, as the end product of biological oxidation it plays a special role

in the respiratory function of an organism.

N.M. Al'bitskiy (1918) stressed that an organism supports internally a cer-

tain carbon dioxide content, preventing both its excess (hypercapnia) and its

deficiency (hypocapnia).

We will discuss here the responses observed in man and in animals“in in-

haling mixtures with moderately increased carbon dioxide content.

Respiration of hypercapnic gas mixtures causes, as a rule, a ventilator
response, aimed at flushing out the excess carbon dioxide from the organism.
Under the influence of carbon dioxide, the volume of respiration per minute in~-
creases in man (Miescher-Rusch, 1885, cited by: Haldane and Priestley, 1935;
Haldane and Priestley, 1935%; Conradi and Bebshina, 1936; Sechzer et al., 1960;
Fuleihan, et al., 1962; and many others), as well as in animals (Haldane and
Smith 1893, cited by: Haldane and Priestley, 1935; Backsliger, 1960; and many

others).

Judging from published data, the minimum concentration of carbon dioxide
needed to produce ventilator response is 0.4 - 0.7% (Golodov, 1941; Pogrebkova,
1965; Yu.N. Ivanov, 1966). Generally the respirator is so sensitive to this
factor that it is very difficult to determine here a threshold reaction (Otey
and Otis, 1962); the result evidently depends on the accuracy of the method

used.

Ventilation gradually increases with increased concentration of carbon
dioxide. Therefore, a 2% concentration of CO2 causes VRM to increase 20-40%;
a 3% concentration causes it to increase 2 - 2.5 times., Maximum ventilator

response (an increase of almost 10 times) is observed with a 10% concentration

of CO2 (Knowles, 1959, and others).

*Translator's note: Cited twice in the original text.
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VRM increases especially sharply if carbon dioxide pressure increases in
alveolar air. Haldane and Priestley showed that ventilation doubled when the

alvelolar content of CO, was increased by 0.23%. The VRM increase is related

2

co of a certain linear dependence (Lloyd et al., 1958; Otey and
2

Otis, 1962; Dejours et al., 1965). This makes it possible to use an equation

(Lloyd et al., 1958) and even to build a model (Grodins et al., 1954) for

predicting respiration responses to hypercapnia. For each 1 mm Hg that alveolar

to alveolar P

PCO increases, VRM normally increases by 2.27 liters (Lambertsen et al., 1963).
2

This value is usually called the slope curve of ventilator response to hypercap-

002 of 27-28 mm Hg

(Hanks et al., 1961). Thus in ordinary respiration of air (al&eolar PCo about
2

38 mm), ventilation is essentially already under the influence of hypercapnic

nia. The beginning of the curve corresponds to alveolar P

stimulation.

Inhalation of one — two respiratory volumes of a mixture with 6% 002
causes ventilator response in only 5-10 seconds in both man and dogs, reaching
a maximum in 5 seconds (Bourverot et al., 1961, 1963). After the beginning of
respiration of a hypercapnic mixture, as well as after switching back again to
air respiration, ventilation changes slower than the arterial pH and PCOZ’ but
more slowly than the indices of the spinal fluid (Lambertsen et al.,

1961). But despite the regularity of ventilator response, in repeated experi-
ments it is unreproducible in an accurate quantitative expression because of
attendant respiration deviations (Read et al., 1964). Although moderate
tachypnea can accompany ventilator response to carbon dioxide (Salzano and
Hall, 1§60, et al), VRM increases basically because of an increase in the depth
of breathing (Haldane and Priestley, 1935; Berkovich, 1939; Zheludkova et al.,
1964). This guarantees an effective increase of alveolar ventilation (Comroe

et al., 1956).

According to some data, carbon dioxide causes an increase in the vital
capacity of the lungs because of expansion of the bronchi (Whittenberger, 1962;
Samanek and Aviado, 1967). It is true, however, that other authors (Nadel and
Widdicombe, 1963) observed in man a constriction of the bronchi in respiration
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of mixtures with 2 - 87 C02. Finally we must point out the increased diffusion
ability of the lungs discovered under the influence of a hypercapnic medium
(Rankin et al., 1960; Hyde, et al., 1964).

Therefore, within certain limits increasing carbon dioxide in inhaled air
causes totally suitable respiratory responses, aimed at increasing the effici~
ency of alveolar ventilation and preventing carbon dioxide retention in the

organism.

Increased removal of carbon dioxide is also ensured by reactions in blood
circulation. A number of authors note that hypercapnia slows down the'rhythm
of heart contractions (Salzano and Hall, 1960; Greenfield and Ebert, 1963;
Mithoefer and Kazemi, 1964; Zheludkova and others, 1964). It is true that sev-
eral observed tachycardia in man in respiration of carbon dioxide-rich mixtures
(Sechzer et al., 1960; Albano and Indovina, 1962). In hypercapnia, systolic
volume increases (Linde et al., 1961). The volume of blood per minute is also
amplified (Dembeau 1957; Nakada et al., 1965). Arterial pressure also in-
creases (Sechzer et al., 1960; Cross and Silver, 1963; Manley et al., 1964).

At the same time the vessels begin to dilate as a result of the local
activity of carbon dioxide in them (Brandgendler, 1927, et al). It is espec~
ially important to note the dilating activity of hypercapnia in the vessels
of the brain (Dumke and Schmidt, 1943; Marshak et al., 1948; Lambertsen et
al., 1953; Sanotskaya, 1962), leading to an increase of the brain?s blood
stream (Hegedus and Shackelford, 1965).

We must discuss further the question of how much these adaptive responses
of the respiratory and cardio-vascular system provide compensation for béginning
shifts in specific sections of an organism's gas regime under exogenous hyper-

capnic conditions.

Haldane and Priestley, and I.M. Sechenov before them, noted the exceptional
uniformity of the alveolar pressure of carbon dioxide: in respiration of mix-
tures with 2 - 37 content of carbon dioxide it increased very insignificantly.
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The more sensitive is the ventilator response to carbon dioxide, the less it
increases (Dejours et al., 1965). While the concentration of carbon dioxide
in the inhaled air is much lower than in alveolar air, ventilator response com-

pensates the hypercapnia to a considerable degree, and alveolar PC02 can some-
times even decrease to less than normal (its own form of overregulation). Only
after long exposure to a hypercapnic medium, when gradual reduction of VRM be-
gins, is this compensation impaired. This can cause an increase in both alveolar
and arterial pressure of carbon dioxide (Zharov et al., 1963; Zagryadskiy and
Sulimo—~Samuyllo, 1963). But if the concentration of carbon dioxide in the medium
begins to approximate the alveolar concentration (more than 3%), compensation is

inhibited and alveolar PCo increases (Yamamoto, 1957). An especially sharp
2

jump of this characteristic is observed when the carbon dioxide content in an
inhaled mixture reaches 6%, i.e., exceeds the alveolar content (Krogh, 1959).
The alveolar-arterial gradient of carbon dioxide, naturally, is distorted, but

arterial PCO increases sharply (Pierce et al., 1962; Ypersele et al., 1962;
2

Matell, 1963; Hostetler and Manning, 1964).

The tissue pressure of carbon dioxide is increased in approximately the
same circumstances as alveolar and arterial pressure in respiration of hyper-

capnic mixtures. An increase of PCO in the myocardium, the brain and in
2
other tissues (Sanotskaya, 1962; 1966; Van Liew, 1963; Korol'kov,
1964, et al.) is noted. Carbon dioxide in arterial blood is equalized with
cells from the respiratory center in approximately 4 minutes (Anderton and

Harris, 1963; Bradley et al., 1963).

We will not dwell here on the biochemical shifts which appear in hyper-

capnia, in particular the generally known respirator acidosis. 46

A few words about the influence on the central nervous system of breathing
carbon dioxide—enriched mixtures, Hypercapnia is revealed by a depression of
motor activity and inhibited responses to internal stimuli in rabbits and mice
in a 3-5% concentration of carbon dioxide in the atmosphere (Doronin, 1963;

Zheludkova and others, 1964). In a 1 1/2-hour exposure, a CO, content of

2
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from 6 to 7% causes the most extreme inhibition (Baranatskiy, 1960). Respira-
tion of a mixture with 10-20% CO2 produces a sharp decrease of activity on an

electroencephalogram (Repin, 1962; Grandpierre et al., 1967).

With a concentration of only 3% CO2 in a medium, a fairly long exposure
causes behavior disturbances in man (Schaefer, 1961). Respiration of a mixture
containing 6% CO2 lowers efficiency (Brestkin et al 1934, cited by
Zheludkova et al, 1964), but inhalation of 10% CO2 leads to a state of deafness,
and the experiment must be ended (Haldane and Priestley, 1935). Study of a
man's encephalogram shows that respiration of a medium with 5% content of CO2
causes desynchronization in the EEG of the frontal lobe stem, and 8-10%

content causes it in other regions of the brain (Yu. Ivanov, 1961).

In adaptive responses to hypercapnia, the greater or lesser gradual imr-
crease of this factors is important. Thus a rapid transition to a mixture
containing 5-67% CO2 is not endured well by man (Aver'yanov et al, 1935; White
and Benson, 1952), although if the concentration of carbon dioxide is increased

slowly he can breatne such mixtures for several hours (White and Benson, 1952;

Tenney, 1963).

Therefore, although an organism develops various adaptive responses to
hypercapnia, these responses do not always provide sufficiently complete com—

pensation for the shifts which are caused by breathing mixtures containing an

excess of carbon dioxide.

Not long ago it was shown that in breathing carbon dioxide-enriched mix-
tures (exogenous hypercapnia) as well as in muscular work (endogenous hyper-
capnia) similar relations were observed between pulmonary ventilation and the
pressure of carbon dioxide in combined venous blood. For each 1 mm Hg.that

venous P increases, VRM increases 2.8 liters (Riley et al., 1963).

CO2

At the same time, the level of ventilation does not have such an immediate

relation with arterial PCO + It is also understood that regulation of respira-

2
tion depends on the intensity of the exchange, and, consequently, on the quantity
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of carbon dioxide produced in the organism. This is precisely what is reflected

co. " Thus, respiration is regulated in
2

accordance with the level of endogenously produced carbon dioxide, i.e., with

by the magnitude of combined venous P

the metabolism level in the tissues.

When partial pressure of carbon dioxide is increased in inhaled air, the
same mechanisms are evidently activated as in endogenous hypercapnia. While
the concentration of carbon dioxide in the atmosphere is still so small that
it can be disregarded, adaptive responses seem perfectly adequate. But when
the content of carbon dioxide in the respiratory mixture becomes equa} to
the alveolar content, the increase of alveolar ventilation progressively lags
behind what is necessary, computed on the basis of the equations of I.M. Sech-

enova (Brestkin, 1952). If the PCO in the medium is equal to alveolar PCO R
2 2

no hyperventilation can any longer prevent the growth of alveolar PCo . But
2

when the content of carbon dioxide in the inhaled mixture becomes considerably
greater than in the alveoli, then increased ventilation (which still continues
to intensify within a certain range) progressively increases the hypercapnia.
Then — there are disturbances in the function of a number of the organism's

systems, including the brain.

In this respect the short-lived effect of a hypercapnic medium can be sep-

arated into three gradations according to the content of carbon dioxide in in-

haled gas mixtures:

(1) adequate (although not absolutely complete) compensation
(to 3% COZ);

(2) dinadequate compensation (3 - 5.5% C02);

(3) uncompensated hypercapnia (over 5.5% COZ).

We will proceed to the question of the distinction of hypercapnic mixtures

by man and animals.
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Hypercapnic Gas Preference in Animals

5(
ol r}w
*0;“ I . ) Sommers (1963) has studied be-
-01k i qLP%]E} ¥ l havioral responses of animals to
:gg; { hypercapnic media. A rat was placed
=04 |- in a small chamber. A gas mixture
:g;: containing from 8 to 15% 002 was
=071 blown through the chamber. When the
:Zz: animal pushed a special plate, the
P a— S5 78 T hypercapnic mixture was shut off. In
this way a motor act of avoiding
Figure 12. Hypercapnic gas preference the carbon dioxide was developed.

of rats and mice. Average data from

20 - 30 animals. Horizontally - percent
of carbon dioxide in the differentiated
zone. The rest of the legend is the
same as in Figure 5.

Figure 13. Kymogram of the movement of
a rat in a hypercapnic gradient (from O
to 5% C02). Distinct preference of the

animal for alr in comparison with the
hypercapnic medium. Below -~ time (in
min).

Sommers thinks that the threshold of
this response lies somewhat below

8% COZ'

er in proportion to the increased

The response becomes strong-

concentration of carbon dioxide in

the mixtures offered.

We studied the gas preference
of rats and mice to hypercapnic
media (Figure 12). A definite re-
sponse was not observed with small
concentrations of carbon dioxide
(1%); some of the animals even pre-
ferred a weakly hypercapnic medium
to the air medium. The experimental
animals began to avoid the differ-
entiated zone of the gas gradient
instrument when the concentration

of carbon dioxide reached 3-4% there.

After several approaches to the hypercapnic end of the chamber, the animal

148

usually chose the air zone (Figure 13). This response appeared with maximum

intensity under the influence of 10-12% co, .
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In this way, the threshold of negative response to an hypercapnic medium
in animals corresponds roughly to those concentrations of carbon dioxide which

initiate the under-compensated hypercapnic shifts in an organism.

Hypercapnic Gas Preference in Man

As far back as 1936, G.P. Konrady and Z.V. Bebeshina demonstrated condi~
tioned~reflex hyperventilation in man under the influence of undifferentiated
stiumuli which had been assoclated several times with breathing an admixture
of carbon dioxide. Conditioned changes of respiration could also be noted when
people were subjected to hypercapnia — acute (inhalation of mixtures with

carbon dioxide) or chronic (gradual accumulation of carbon dioxide in the air).

However, the ability of man to consciously distinguish an admixture of
carbon dioxide in inhaled air has had very little special study. On that count,

only incidental observations are cited in the literature.

Schmidt (1956) has shown that the first unpleasant sensations in man dev-
eloped only when the carbon dioxide content in a respiratory mixture reached
6% or even more. Cutler et al (1964) exposed people in an altitude chamber.
During the first four days the gas medium was almost free from any admixture
of carbon dioxide. Then a 37 admixture of that gas was added to it. The hy-
percapnic medium was maintained in the chamber for the next four days. Although
the subjects did not know exactly when the carbon dioxide was add&d to the at-
mosphere of the chamber, they agreed with one another in noting changes of the
medium. However, they made mistakes about the time. The predominant reference
point for the people in the experiment was hyperventilation, sometimes headache.
They noted these symptoms more frequently on the 2-3rd day of exposure. The
latter sensation was lessened by increased ventilation; some people experienced
it intermittently. This sensation disappeared if the person's attention was
distracted. Therefore, many of the subjects assumed that the carbon dioxide
was given intermittently. The authors came to the conclusion that man's ability

to determine such quantities of carbon dioxide in the atmosphere is unreliable.
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In our experiments, (Breslav and Sal-

St
é%-*%% atsinskaya, 1967a) we determined the gas
1701 0.
12‘2-*(07.%' preference of man with respect to hypercap-
1501 *0.50¢
mﬂ0-+340 nic mixtures (from 1 to 6% 002) with normal
1301 +0.3
g 1201 +0.20 oxygen content.
Yiop +0.9
o 100 a =
ook -0.07
w 80 -%g In a five-minute period of a given
o 0r ~030r
%em--%%- respiration (Figure 14) a man did not dis-
o S0F —0. B
= 0} -060t tinguish mixtures with 1-2% €0, from air,
oF —0.701
50'-080~ although increased ventilation was already
10F -0907
L b ; 'é é- 4 é é noted. When the admixture of carbon diox-
ide in the differentiated mixtures reached
Figure 14. Hypercapnic gas 3-47 or more, the subjects displayed a

preference of man. Average

data from 24 subjects.
Horizontally - percent of or strenuous breathing. Similar sensations
carbon dioxide in the
differentiated mixture.
The rest of the legend first or with the second minute of inhaling
is the same as in
Figure 7.

negative response, mostly citing labored
could appear beginning with the end of the
the mixture.

One of the groups of subjects was exposed to hypercapnic ihedia, not only
for five minutes, but also for 10 and 15 minutes. We shall discuss how under
these conditions the man's reactions changed when inhaling the two mixtures:
threshold with respect to distinction (3% C02), and clearly above threshold
(5% COZ) (Figure 15).

The mixture containing 3% CO2 caused an increase of pulmonary ventilation,

which continued until the 10th minute. The shift of alveolar P appeared to

Cco

2
be approximately the same in the 5-minute as well as the 10- and 15-minute in-
halations. At the same time a negative attitude of the subjects to the 3% ad-

mixture of CO, was only reliably revealed with the 10~ and 15-minute period of

2
a given respiration.

In inhalation of mixtures with 5% concentration of carbon dioxide, shifts

of these indicators were expressed much more strongly. In particular, the
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Figure 15. Responses of man to

hypercapnic mixtures in various

lengths of breathing time. Av-

erage data from 12 subjects.
Broken line - alveolar P .

CO2

Horizontally -~ length of
periods breathing a given
mixture (in min). The rest of
the legend is the same as in
Figure 7.

content of carbon dioxide in the alveolil
increased considerably. Avoilidance of the
hypercapnic medium was observed here even
in the 5-minute period of a given respira-
tion (Figure 16). In experiments with
more prolonged inhalation of this mixture,

it was rejected in all cases.

Here, as also in responses to hypoxic
media, the significance of the time factor
was displayed. A 10-minute period of in-
haling a 3% admixture of carbon dioxide
was necessary for a significant negative
choice to be displayed. But a 5-minute
inhalation was sufficient for a clear res-

ponse to 5% CO Such an increase in the /51

ability to disiinguish excess carbon di-
oxide during extended exposure can be ex-
plained by an intensification of hyper-

capnic shifts in the organism. Actually,
on inhalation of carbon dioxide mixtures,

alveolar PCO remained at a constant level
2

to the 5th minute, but ventilation in
longer respiration of the mixtures con-
tinued to increase somewhat. This indi-
cates subsequent intensification of

hypercapnic stiumulation.

Hyperventilation, or more accurately, the expenditure of energy connected

with it in the extra work of the respiratory muscles, can also be one of the

factors in an organism's negative response to excess carbon dioxide. This will

be discussed in more detail.in Chapter IV. In fact, the choice index of hyper-

capnic mixtures in our experiments was correlated to approximately the same /53

degree both with the alveolar tension of carbon dioxide (which to a certain
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Figure 16. Man's respiration of air and a hypercapnic mixture.

A - spirogram; the legend is the same as in Figure 8;
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extent reflects arterial P, ), and with the increase of volume of respiration

co
per minute in inhalation of %hese mixtures (corresponding correlation coeffic-

ients were -0.93 * 0.18 and -0.95 + 0.16).
Therefore, man (an probably animals, too) distinguish an admixture of

carbon dioxide in a medium when compensation for increased partial pressure is

disturbed or accompanied by significant hyperventilation.

HYPOXIC MEDIUM WITH INCREASED CARBON DIOXIDE CONTENT

The relative influence of the effects of insufficient oxygen, on the one
hand, and excessive carbon dioxide on the other, has an exceptionally complex

character. Its analysis is important both theoretically and practically.

The hypoxic-hypercapnic interaction is extremely important in regulating
respiration. Exactly such an interaction takes place in muscular activity.
Therefore, the combined influence of insufficient oxygen and excess carbon di-
oxide must be a more adequate stimulus for the organism than each of these

factors separately.

In the thirties, it was noted that if increased carbon dioxide content in

an inhaled gas mixture acted on the background of decreased partial pressure

of oxygen, then the total ventilator response is especially signficant (Hender~

son and Randolf, 1932, cited by: Cordier and Heymans, 1935; Haldane and
Priestley, 1935, et al).

Much consideration has recently been given to this phenomenon in the phys-
iology of respiration. It has been established that hypoxia lowers the thresh-
old of ventilator response to carbon dioxide (Saito et al, 1960; Honda et al.,
1963; Tenney, 1963; Wiemer, et al, 1963; Archibald, 1964, Salzano and Hall,
1965; Malmejac, et al., 1966; Honda, 1968), and also increases VRM in inhala-
tion of a hypercapnic mixture (Bourverot et al., 1963, 1965; Michel and
Milledge, 1963; Cunningham, et al., 1964), and accelerates the onset of this
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response (Mallie-Colard, et al., 1965; Bernards, et al., 1966). The slope curve

of VRM/arterial PCO increases. As a result, the total ventilator response to
2

hypoxia combined with hypercapnia exceeds the arithmetical sum of the effects
of these two factors acting separately (Nielsen and Smith, 1951; Cormack, et
al., 1957; Lloyd, et al., 1958; Lambertsen, et al., 1963, and others). On the
other hand, hypoxic responses appear more clearly on a background of hypercap-
nia (Petrov, 1949; Strumza, 1966, et al). In addition, a specific level of
carbon dioxide in the internal medium seems a necessary condition for the
organism in general to react to hypoxic stimuli. Thus, VRM increases with an

insufficiency of oxygen in inhaled air in man only if PCo of not less Ehan

2
30 mm Hg is maintained in the blood (Nielsen and Smith, 1951).

Let us add that under hypoxic conditions hypercapnic action is favorably
expressed because of the local vessel-dilating effect of carbonic acid which

improves the blood supply of vital organs — the brain and myocardiuﬁ (Sanot-

skaya, 1962, et al).

In view of what has been said, we can consider valid the suggestion to
reduce the oxygen content in inhabited dwellings where carbon'gdioxide accumu-
lation is possible: -slight hypoxia should promote a strong response to hyper-
capnia and facilitate the removal of carbon dioxide (Puccinelli et al, 1964;
Strumza, 1964). The favorable influence of carbon dioxide in hypoxia is also
of practical importance. This consists of preventing the harmful gftereffects

of hypocapnia, developing from hyperventilation (Shick, 140; Asmussen, 1965,
et al.).

Excess carbon dioxide is also positively expressed in the blood supply
and oxygen regime of such vital organs as the heart muscle and brain (Sanot~
skaya, 1962a, 1962b; Kovalenko, 1964; Wiljelm, 1966).

Here, however, we must take the following facts into account:

(1) 1t is possible for exceedingly acute anoxia (respiration of mixture
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with 8% 02), instead of intensifying, to depress responses to
carbon dioxide (Purves, 1966). Inhalation of very high (more
than 67%) concentrations can lead to weakening or even loss of
response to hypoxia (Wiemer, et al., 1963). Actually, these

phenomena are connected with depression of the nerve centers

in extreme hypoxia or hypercapnia (Balakhovskiy, 1952; Yu. N.
Ivanov, 1961; Dolina, 1965, et al.).

(2) Increased alveolar pressure of oxygen, the result of strong
ventilator response with combined hypoxia and hypercapnia, does
not much increase the oxygen supply to the tissues, if we take
into account the increase of energy expenditure in respiration
and the influence of the Bohr effect on the dissociation curve

of oxyhemoglobin (Strumza, 1966).

It appears to us that comparative analysis of the active choice responses
to corresponding mixtures by animals and man could help in the physiological
evaluation of one or another combination of oxygen deficiency and excess car-

bon dioxide in a respiratory medium.

Hypoxic-Hypercapnic Gas Preference in Animals

We conducted experiments on rats to study behavioral responses to a medium
where the oxygen content was lowered and the carbon dioxide concehtration was
increased at the same time. An ordinary air atmosphere was maintained in the
undifferentiated zone of the gas gradient instrument. In the differentiated

zone, the medium had the following composition: 127 02, kY4 COZ’ 857 N2'

It has been shown above that both factors operating here (the lowering

of the content of 0, to 12% and the 3% admixture of C02), taken separately

2
are over-threshold factors in relation to the gas preference of rats and do not
give a statistically significant choice. But the combination of these same
factors caused a distinct avoidance response. The intensity of this response

clearly exceeds the arithmetical sum of responses to the same degree of hypoxia
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Figure 17. Hypoxic—hypercapnid

gas preference in rats. Average

data from 20 animals.
Vertically - choice index for
the differentiated zone (St);

Horizontally - composition of
the medium in the differenti-
ated zone: 1 - 7% 02; 2 -
7% 02 in a background of 3%
COZ; 3 -9% C02; 4 - 9% CO2
in a background of 11.5% 02;
5 - 3% C02; 6 - 127 02; 7 -

127 02 + 3% CO2

and hypercapnia, acting separately (Figure
17, 5-7). Such a mutually-intensifying ef-
fect of local oxygen deficiency and excess
carbon dioxide corresponds to the analogous
activity of a given combination in a respira-~

tory respomnse.

In another series of experiments, a more
stringent differentiated medium was created:
6% CO2 and only 27 02. But instead of in-
creasing the effect, the opposite result was
obtained. Having entered such an atmosphere,
the animals as a rule did not display any ex-
pressed motor response and died from the ef-
fects of acute oxygen starvation (cramps,
stoppage of breathing). Evidently the com-
bination of pronounced anoxia and signifi-
cant hypercapnia causes extreme repression
of the functions of the central nervous sys-
tem, and behavior response éeemed to be

paralyzed.

Experiments were also conducted where a moderately hypercapnic mixture

QY
(3% C02) was maintained along the whole length of the gas gradient instrument,

The oxygen content in the undifferentiated zone was normal (217), but in the

differentiated zone it was decreased to 7%Z. As seen in Figure 17, 1,2, the

rats' negative response to the hypoxic medium was not distinguished, under

these circumstances, from response to the very same medium when an admixture

of carbon dioxide is lacking.

An analogous result was obtained when the background had a lowered (to

11.5%) oxygen content, and an increased (97%) carbon dioxide concentration was

created (Figure 17, 3,4). Here the animals' negative preference to a hypercap-

nic medium was the same as with normal oxygen content.
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Actually the organism adjusts successfully to an insignificant oxygen de—~
ficiency as well as to a small excess of carbon dioxide. Therefore, such a
moderate shift in gas composition, if it is maintained the whole length of the
gas gradient instrument, does not change the behavior responses of animals to

local extremely hyperoxic or extremely hypercapnic media.

Hypoxic~Hypercapnic Gas Preference in Man

As with animal experiments, the basic variant of the experiments with
people was a comparison of ordinary air and a respiratory mixture containing

12% 02 or 3% CO2 (Figure 18).

Ventilator response to such a mixture, as must be expected, exceeded the
arithmetical sum of the separate effects of corresponding degrees of hypoxia
and hypercapnia. Comparatively small shifts in the oxygenation of the blood
and the alveolar pressure of carbon dioxide indicate good compensation for
oxygen deficiency and excess carbon dioxide in a respiratory medium. Moreover,
the subjects in only 5-minute exposures clearly avoided breathing a given mix-
ture (choice index -0.37 t 0.10), with a distinctness that was not observed when
similar hypoxic (127 02) and hypercapnic (3% 002 in air) media were applied
separately. The negative response was still clearer in 10- and 1l5-minute per-
iods of a given respiration (corresponding choice indexes were -0.66 + 0.14 to

-0.70 + 0.13), although physiological parameters remained almost the same.

To determine response to hypercapnia in a moderately hypoxic background
in experiments with people, we used as an undifferentiated medium a mixture of
12% 0, with nitrogen. As the differentiated medium we used mixtures with the

2
same oxygen concentration containing a wvarying percentage of carbon dioxide.

As Figure 19 shows, ventilator response to an admixture of carbon dioxide
on a background of insufficient oxygen does not essentially differ from that
described above with a normal oxygen content. Avoidance response was already
clear with 2.5% COZ’

ium under hypoxic conditions decreased in comparison with conditions of normal

i.e., the threshold for distinguishing a hypercapnic med-
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Figure 18. Man's respiration of air and hypoxic-hypercapnic mixture.
ventilation. The legend is the same as in Figure 8.

Critical hyper-



NOr*;Br oxygen content (where this threshold, let
ﬁg::%@: us remember, was 3-47 COZ)' The increased
gg::%g: sensitivity to carbon dioxide in an hypoxic
2 Z%::gg: background probably can be explained by the
g 120F+02f somewhat higher VRM level during inhalation
‘§ Z%:+aé- I of these mixtures.
o sor-o01p
w 80F-02f
© Wf-03r Research of the opposite character has
e gg::gz: also been conducted: the influence of small
gg::$§[ admixtures of carbon dioxide on hypoxic re-
~%%:g§t sponses has been studied. The subjects were
ot : “f '~”4¢*f——————-f offered two mixtures containing 3.5% CO

2°
The undifferentiated mixture had a normal
Figure 19. Hypercapnic gas
preference of man on a back-
ground of a lowered one had a lowered concentration (Figure 20).
oxygen content (12%). Aver-
age data from 12 subjects.
Horizontally - perceant of It is clear that owing to the hyper-
carbon dioxide in the dif-
ferentiated medium. The
rest of the legend is the ventilation were already elevated. The

same as in Figure 7. inhaling mixtures with 12 and 97% 02, the

concentration of oxygen; the differentiated

capnic background, respiratory volume and

volume of respiration per minute and also
the frequency of heart contractions increased much less than under the influ-
ence of these same mixtures without the addition of carbon dioxide. The re-

duction of oxygenation of the blood was also much less.

Under these conditions the subjects did not distinguish a mixture contain- /59
ing 12% 02 from the undifferentiated mixture. A negative response was exhibited
only for a mixture with 9% 02.

The diminished influence of carbon dioxide on the negative response of
man inhaling hypoxic mixtures can be explained by the improved oxygenation of
the blood under the influence of hypercapnic hyperventilation which is recog-
nized quite clearly.
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The following circumstances could also

%g; . _{///{ taining exactly the same admixture of carbon
. gg: o dioxide as the differentiated one, already
O #w- S caused an increase of ventilation. Switching
ggg[:tgg: to the differentiated medium (with a lowered
E%%Eigé:{_ __________ }i_ . oxygen content) was not accompanied by any
9 got-02f kind of significant increase in respiratory
vegg::ggt activity. This factor could not play a very
fg::gg[ large role in the distinction of gas mixtures
gg::%;: by the subjects. It may also be important
g_:?ghé, é 54 that an admixture of carbon dioxide keeps it
from being excessively washed out of the
Figure 20. Hypoxic gas pref- organism (the removal being caused by the

erence of man in a

medium with added carbon di-
oxide (3.5%). Average data
from 12 subjects. The legend
is the same as in Figure 7.

increased ventilation of hypoxia).

Wayne (1958) in altitude chamber experi-
ments pointed out the similarity between the
subjects' verbal reports about their sensations at an "altitude" of 7500 meters
and indications by the very same people after arbitrary hyperventilation under
ground conditions. The author explained this by the fact that oxygen starva-
tion was also accompanied by hyperventilation. As he reasoned, this similarity
can seriously hinder a pilot's recognition of his own hypoxic condition during

a flight.

It must be assumed that at least part of the sensations which man uses to
distinguish mixtures with lowered oxygen content are due to their hypocapnic
origin. And if this is so, then such a distinction must actually be weakened

when there is a background with a carbon dioxide admixture.

At the same time it must be stressed that depressed activity in critical
degrees of oxygen deficiency and excess carbon dioxide can lead to lowering
and even complete loss of an organism's ability to respond adequately to these

factors. This has been shown in animal experiments.
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Summing up the experimental data discussed here, we must assume that dis-
tinction by animals and man of gas mixtures with altered oxygen and carbon di~
oxide content (in the form of negative choice response) within known limits
reflects both the shifts in an organism's gas regime which occur under the in-
fluence of these mixtures, and the effort expended in the mechanisms which

compensate for these shifts.
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Chapter III

RESPONSES OF THE ORGANISM TO GAS MEDIA CONTAINING HELIUM

Up until now, we have been concerned with oxygen and carbon dioxide as /61
agents participating in gaséous exchange; sometimes they are called ''respira-
tory gases'". But how does an organism perceive a physiologically neutral com-

ponent of a respiratory medium?

In this connection it seemed essential to us to explore the possible phys-
ical effect of substituting another gas — helium, for the natural diluent of

oxygen — atmospheric nitrogen.

Although helium is found in trace amounts in the Earth's atmosphere
(0.00053%) , physiologists have become much more interested in this inert gas in
the last ten years. Helium has a number of remarkable properties. For many
reasons, it has been suitable to introduce helium as an oxygen diluent for
divers. 1In particular helium is almost seven times less dense than nitrogen
(0.00018 g/cm3). With the increased pressure in deepwater descenfs this con-
slderably reduces the energy expenditure which is connected with overcoming
the increased resistance of the respiratory medium (Behnke and Yarbrough,

1939; Orbely, et al., 1940; Marchall, et al., 1956; Lanphier, 1958; Kumanichkin,
1960; Zal'tsman, 1961; Wood and Leve, 1963; Albano and Ciulla, 1966; Brousseles,
et al; 1966).

For this same reason, attempts have been made (and are being made) to use
helium mixtures in clinics to alleviate respiration in people with obstructive
diseases of the respiratory organs (Barach, 1934, 1936; Green and Day, 1954;
Schiller, et al., 1955; Comroe, et al., 1956; Dembeau, 1957, and others).
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Recently there have been lively debates on the question of the advisability of

using helium in the composition of an artificial atmosphere for space flights
(Dianov and Kuznetsov, 1963; Epperson, et al., 1965, et al). Besides lightness,

the high thermal conductivity of this gas (at 20°C helium conducts

43 - 104 kcal/m-hreg, and nitrogen only 15 - 104 kcal/mhr-g) was considered,

which could improve a cosmonaut's heat transfer if there were no convection
deficiency in the cabin of a spaceship under weightless conditions. Other argu- /62

ments were also put forward in favor of creating a helio-oxygen atmosphere in

manned space vehicles.

From this the question arises: can an organism exist long in conditions
where nitrogen is completely or partially replaced with helium? However, a
number of experiments have shown that neither lack of nitrogen nor possible
physiological influence of helium itself has caused any ill effects on the or-
ganism of animals or people exposed to a helio-oxygen medium for many days and
weeks (Bond, 1963; Wright et al., 1964; Bartek et al., 1966; Hamilton et al.,
1966; Left et al., 1966; Robertson et al., 1966). It must be taken into con-
sideration that, because of the high heat-conductivity of helium, a higher temp-
erature must be malntained to preserve thermal comfort (Leon and Cook, 1960;
Boriskin et al., 1963; Troxhikhin, 1966; Epperson et al., 1966; Fox, et al,
1966: Bonura et al.; 1967).

Thus, helium mixtures probably have greater promise as an artificial

respiratory medium.

At the same time, responses of an organism to respiration of such mixtures
have not been studied very much as of yet. The application of the gas prefer-
ence method could partly fill in some of the gaps in our knowledge about the
physiological effects of helium.

In this part of the research, we tried to answer two questions:

(1) Do animals-and man distinguish (and how) mixtures containing nitrogen
and helium as diluent?
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(2) Do gas preference responses to altered oxygen and carbon dioxide

content in a helium medium change (and in what direction)?

GAS PREFERENCE IN ANIMALS UNDER CONDITIONS OF NORMAL AND DECREASED
OXYGEN CONTENT

We (Breslav, et al., 1965) conducted experiments with animals where an
air mixture (nitrogen-oxygen) was supplied to the undifferentiated end of the
gas gradient instrument and a helio-oxygen mixture (797 He + 21% 02) to the
differentiated end.

Under ordinary temperatures, white mice avoided the helium zone (Figure
21). Such a reactions could have been caused by the mentioned cooling effect
of the helium medium. We attempted to supply a helio-oxygen mixture that was
somewhat heated in comparison with the air mixture. This was accomplished by
passing the mixture through a coil mounted in a water ultrathermostat. The
temperature in the chamber of the gas gradient instrument was controlled by an

electrothermometer which was connected to both ends of the chamber.

Actually, raising the temperature of the helium-oxygen mixture by only 0.5°
completely eliminated any negative response of the animals to the helium
medium. /63

In connection with this, it was decided to find out what the tfemperature of
the helio-oxygen mixture must be so that the animal's heat exchange conditions
in this medium would be the same as in an ordinary air atmosphere. Y.A. Konza
(1965) conducted special research in our laboratory. As is known, one of the
most important indications of thermoregulation is the "critical point'. This
is the temperature zone in which an organism's expenditures of energy to pre-
serve a heat balance are minimal and, consequently, exchange is at the lowest
level. 1In small warm-blooded animals (mice, for example) the critical point
in an air medium is approximately 30° (Herter, 1936; Slonim, 1952). Thermal
effects noticeably deviating from this point lead to increased exchange
(Starkov, 1961; Gubler, 1962, et al.). In Konza's work the thermal regulation
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Figure 21. Helium gas pref-
erence of mice in a medium
with a normal (I) and lowered
to 7.5% (II) oxygen content.
Average data from 20 animals.
1 - even temperature in both
mixtures; 2 -~ helium mixture
heated to 0.5°; 3 - heated
to 3.0°. Horizontally -~
choice index of helium-
oxygen mixture in comparison
with nitrogen-oxygen mixture
(s.)-

in a helio-oxygen medium is 3-4° higher than in an air medium.

33-34°.

of the animals was indicated by oxygen consump-
tion and rectal temperature. Oxygen consumption
was determined by using two gas exchange instru~

ments at once: in one, the animals were in an

‘air atmosphere, in the other they were in a helio-

Rectal tempera-
An

oxygen medium (217 02 + 797 He).
ture was measured by an electrothermometer.
ultrathermostat under the control of an electro-
thermometer was used to create and maintain the
necessary temperatures in the chamber. Compara-
tive studies were made on thermoregulation of
white mice in temperature media of 16, 20, 25,
30, 35, and 40°C.

tion in the helio-oxygen and air media shows that

Comparison of oxygen-consump-

at 30° and below the exchange level of mice is
higher in the helium medium than in the air med-
ium (Figure 22). The cooling effect of the
helium was reflected in the animals' rectal temp-
erature. Calculations based on the data we ob-
tained show that the temperature of the critical
point (i.e., the thermal neutral zone) for mice

It lies between

Having determined this fact, we conducted experiments in the gas gradient

instrument, heating the helio-oxygen mixture so that it was 3° warmer than the

air.

In this experiment the animals displayed a distinct preference for the

helio-oxygen medium in comparison with ordinary nitrogen-oxygen (Figure 21).

Thus, when thermal exchange conditions are equalized, the animals choose the

medium where nitrogen is replaced with helium.

It turned out that if the nitrogen and helium mixtures contained a decreased

(but equal) concentration of oxygen (7.5%) (Figure 21), the mice clearly pre-

ferred the helium end of the gas preference instrument.
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the fact that both mixtures in a given series of experiments had the same temp-
erature. It would seem that the helium mixture would have a cooling influence

on the animals, especially as the helium content in a hypoxic mixture is higher

than in the normal mixture. Moreover, with conditions of oxygen starvation,

as was mentioned in Chapter II, gaseous exchange (and this means heat produc~ 164
tion, too) in animals drops; such cooling in the helium medium is expressed
particularly sharply (Altland, et al., 1968).

These facts indicate that some characteristic of helium cause the animals
to prefer, especially in hypoxic conditions, the helium medium to the usual
nitrogen one. It can be assumed that these characteristics have a specific

influence on the respiratory function and will have to be studied in experiments

on mamn.

GAS PREFERENCE IN MAN UNDER CONDITIONS OF NORMAL AND DECREASED
OXYGEN CONTENT

The high heat conductivity of helium is not of vital importance for - =
in breathing gas mixtures through a mask. This was shown in experiments -
Bowers and Fox, 1967 . The cooling effect of such a medium is detected . _
people in a helio—-oxygen atmosphere. If a man only breathed the helio-uay, )
mixture through a mask and remained in an ordinary air medium, his heat ex—
change did not change. Therefore, in our experiments we were able to trace the
physiological influence of other characteristics of helium not connected with

its thermal conductivity.

How did man respond to the substitution of helium for nitrogen? The sub-
jects were offered two respiratory mixtures containing the same percentage of
oxygen, a nitrogen mixture (undifferentiated) and a helium mixture (differen-
tiated). The helium mixture caused a small increase in the frequency of res-
piration with corresponding decrease of respiratory volume (Table I). This
developed as an adaptation to a less dense respiratory medium. Under these
conditions frequent and shallow breathing is more economical (Comroe, et al.,

1956; Schilder, et al., 1963; Trumpayts and Kaminskiy, 1967). An analogous
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Figure 22, Oxygen consump-

tion (A) and rectal temper-
ature (B) of mice at the
end of a half-hour exposure
to a nitrogen-oxygen (white
column) and helium-oxygen
(shaded column) atmosphere
at various temperatures of
the medium. Average data
from 20 animals (according
to Konza, 1965).

which depend on resistance to respiration.

phenomenon can also be noted in breathing hypoxic
helium mixtures, although the observed shifts are
not always statistically reliable. Oxygen sat-
uration of the blood hardly depended at all on
whether the man breathed a helium or nitrogen

mixture.

Under both normal and hypoxic conditions,
the subjects invariably gave their preference to
the helium mixtures in comparison with the nitro-

gen mixtures.

The reason for this probably involves the
decreased respiratory work demanded to support
necessary alveolar ventilation in a less dense
helium medium in connection with lowered resis-~
tance of the gas flow in the respiratory
passages (Barch, 1936; Grafe, et al., 1960).
Behnke and Yarbrough (1939) have found that in
atmospheric pressure replacing nitrogen with
helium does not change the sensations in divers

However, model experiments of these

same authors have shown that under conditions corresponding to forced breathing

the resistance to breathing helio-oxygen mixtures in narrow tubes is one and a

half times less than the resistance to breathing air under these conditions.

This problem is complicated by the fact that, in the presence of a laminar flow

in a smooth tube, helium does not decrease, but increases resistance, because

it has a greater viscosity than nitrogen.

But it must be kept in mind that in

the branchings of the tracheobronchial tree there is a vortex, and it is here

that the density of gas
to flow drops sharply.

assumes a decisive role:

with its decrease, resistance

Let us recall that resistance to gas flow in the respiratory tracts is

expressed by the ratio
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where AP is the pressure gradient in the respiratory passages; kl and k2 are
the constants corresponding to laminar and turbulent gas flows, the first con-
stant reflecting the viscosity of the gas and the second its density; v is the

volume of respiration per minute. /617

It follows from this that the specific gravity of the second component in
the above formula increases when there is a turbulent flow, and consequently, the
sum (AP) expressing flow resistance decreases significantly with low gas density.
If the volume of respiration per minute is increased, the turbulence of the gas
flow in the respiratory passages increases. Under these conditions, the allev-
iating influence of helium on respiration ought to become more pronounced, es-
pecially as the value of the turbulence constant, (i.e., gas density) which
corresponds to the above formula increases proportionally to the square of ven-
tilation. This reasoning is confirmed by the fact that during muscular effort
breathing helio-oxygen mixtures is more effective (Kulik, 1967).

In the preceding experiments (Breslav and others, 1965) we learned that in
return respiration in a closed chamber filled with a helio-oxygen mixture, man
successfully "reached" a lower oxygen content in the respiratory medium. Hy-
poxia caused, in the words of the subjects, fewer unpleasant sensations than
were observed with the nitrogen-oxygen medium. In spite of the fact that the
oxygen content in the helium medium is lower than in the nitrogeﬂvmedium, oxy—
genation of the blood at the end of the experiment in both cases hardly differs
at all. This fact can also be considered as a consequence of more effective
alveolar ventilation in breathing helium mixtures. As helium facilitates the
movement of gas mixtures in the respiratory passages, primarily the proximal
passages (Barnett, 1967), alveolar ventilation in breathing helio-oxygen mix-
tures is attained with less respiratory muscle work because of the lowered

resistance to the gas flow.

The work of Wiley and Zechman (1966/1967) shows that man perceives a dif-

ference in respiration resistance of only 0.5 - 1.0 cm water/%/sec. Response
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TABLE 1

RESPONSES OF MAN TO NITROGEN AND HELIUM RESPIRATORY MIXTURES WITH NORMAL AND

LOWERED OXYGEN CONTENT.

AVERAGE DATA FOR 12 SUBJECTS

Parameters of respiration & oxygenation of [hoice in- | Number Of’
Mixture blood during inhalation of mixtures & their Hex of hel-|subjects (%)
used aitterences (D + m) fum mixturefsélect- | not
rhythm of min. vol.ofl resp.vol, |oxygen saty (St) ing a making
respiration resp., liters uration of mixture | a
1in min. liters ‘blood, % -choice
with21% 0 _
%itrogen 17.0 6.8 0.40 93.3 —_ 17 8
helium 17.6 6.5 0.38 92.2 —_ 75
D+m -40.6+0.3 —0.3+0.2 ~—0.02+0.04 —1.140.9 +40.3340.14 —_ -
p 0.05 0.2 0.01 0.2 0.05 — —_
" 1Q9
18% 02,1t rogen 16.6 6.9 0.42 91.0 - 33 5
helium 17.6 7.0 0.40 91.2 —_ 58
Dim +1.0+0.3 +0.1+0.3 —0.02+0.01 +40.2+0.5 ~0.33+0.13 - -_
- P 0.01 >0.5 0.05 >0.5 0.01 - -
" 859
" 1% 025 pogen. 168 | 74 0.46 86.3 - % g
helium 17.0 1 7.2 0.42 86.5 — 67
l D+m +40.2+0.4 —0.240.3 | —0.04:+0.02 | -40.24+0.5 | --0.27+0.11 - -
P >0.5 05 0.05 >0.5 0.5 — -
" 12% 0
o * 92nitrogen 15.9 7.6 0.49 §3.2 - 17 8
helium 16.6 7.4 0.46 83.6 -— 75
Dtm 40.740.5 | —0.24£0.4 | —0.03+0.02 | -+0.4+0.9 | -4-0.2240.09 | — -
P | 02 >0.5° 0.2 03 0.05 - =
1] Y f
| 9% 02 nitrogen 16.3 10.5 0.67 79.3 i — 25 g
! helium ! 18.0 9.9 1 0.57 79.4 ! —_ 67 '
Dim +1.7+0.8 | —0.6£0.4 | —0.10+0.04 | 0.0+1.5 | 40.2140.10
P 0.0% 03 0.02 = 005
| 1 .




to a changed resistance does not depend on how it is created (general pressure
of the medium, density of the gas mixture) (Maio and Fahri, 1967). Incidentally,
this is the basis for divers' ability to determine by their own sensations their
submersion depth. We will discuss here distinguishing the density of a medium.
If a dense gas — argon — 1§ included in the composition of a respiratory medi-
um, the diver subjects give an exaggerated estimate of their depth (Behnke and
Yahrbrough, 1939). At the same time, the organism tends to select those condi-
tions in which there would be the least respiratory work (Comroe, et al., 1956;
Gray and Field, 1959, et al).

We suggest that just for this reason both animals and man display a posi-
tive response to gas mixtures where helium is used as a diluent of oxygen. Verb-
al indications of the subjects verify such a supposition. They evaluate helium

mixtures as "easier" to breathe.

HYPOXIC AND HYPEROXIC GAS PREFERENCE

Let us consider the question of how the substitution of helium for nitrogen

influences an organism's responses to hypoxic respiratory media.

The responses of white mice, under conditions of such an exchange, to a

mixture containing 12.5% O, are approximately the same as in a nitrogen medium.

2

In experiments on people (Breslav and Salatsinskaya, 1966, 1967), the sub-
jects were divided into two groups: one breathed only nitrogen mixtures during
the experiments, the other — only helium mixtures. The undifferentiated mix-
ture in each experiment was a mixture with a normal oxygen content; the differ-

entiated mixture had a lowered content.

As seen in Figure 23, the subjects did not distinguish between a mixture
of nitrogen with 187% 02; this was shown in Chapter II. The analogous helium
mixture was mostly preferred in comparison with the undifferentiated mixture,
in spite of the fact that oxygenation of the blood was already lowered. It

may be inferred that such a mixture, because of the small supplementary hypoxic
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Figure 23. Hypoxic gas preference of man in a nitrogen (I}
and in a helium (II) medium., Data from 12 subjects. The
rest of the legend is the same as in Figure 7.

stimulus, produces a more usual load on the respiratory appartus in man than
the helium mixture with normal oxygen content. Judging by the verbal reports
of the subjects, breathing the helium mixture seems unusually easy.

Beginning with 15% oxygen content in a nitrogen mixture, ventilation in-
creases almost linearly depending of the degree of decrease of the oxygen con-
tent. In the helium group this relationship was more weakly expressed, even
though oxygenation of the blood in this group was decreased almost as much as
in the nitrogen group (distinction was in no way statistically significant).
Judging by selection response, the subjects did not distinguish a helium mix-
ture with 127 02 from the undifferentiated mixture, possibly in connection with
less increase of ventilation in breathing this mixture. At the same time, the

nitrogen mixture with 127 02 was avoided.

In more severe hypoxia (9% 02) the difference between the groups disappeared
according to all indications. In particular, the clear negative response of the

subjects was the same both for the nitrogen and for the helium mixtures.

Therefore, in a helium mixture man's negative response to a medium degree

of hypoxia disappears, probably because of helium's favorable action on the
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1801 +03F ! It Experiments were also performed in which
120 +021
L g y)- a man was presented with a choice between a
R N S
S ml-o1lk * normally oxygenated helio-oxygen mixture
£ oo} -o0z2f (21% 02 + 79% He) and almost pure (98%)
0F-03f
k3 60F 041 oxygen.
& 5PF-085)
“r-06f
0t -0.7¢ Under these conditions, the subjects as
%::g:: a rule preferred to breathe the helium mixture,
T gl~’“ 2', .9'8 rejecting the oxygen (Figure 24). Such a re-
sult, of course, is not unexpected, as there
Figure 24, Hyperoxic gas are two reasons for this: (1) the factors

preference of man in a ni-

trogen (I) and in a helium which usually cause the majority of people

(II) medium. Data from 12 to avoid breathing pure oxygen (see Chapter II)

subjects. The rest of the
legend is the same as in
Figure 7. both respiratory media (the density of oxygen

is 0.0014 g/cmz, i.e., still higher than ni-
trogen), which is why the ease of breathing the helium mixture in comparison

and (2) the great difference in density of

with the oxygen appears even clearer. The subjects in fact indicated in their
verbal report that it is more difficult to breathe oxygen.

HYPERCAPNIC GAS PREFERENCE

In this series of experiments conducted on people, the undifferentiated
mixture was a helium or (as a control) a nitrogen mixture with normal (21%)
oxygen content. Mixtures with the addition of various concentrations of carbon
dioxide were also used as differentiated mixtures. As in the previous series,

one group of subjects exclusively received nitrogen mixtures and the other

received helium.

Ventilator response to carbon dioxide was expressed in the helium medium
more than in the nitrogen (Figure 25). This agrees with the data presented by
Tenney (1964) and can be explained by the already cited alleviating action of
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Figure 25. Hypercapnic gas pref-
erence of man in a nitrogen (I)
and in a helium (II) medium.

Data from 12 subjects. The rest
of the legend is the same as in
Figure 7 and 14.

helium on respiration with increased
ventilation. The subjects even preferred
somewhat the weakly hypercapnic (1% COZ)
helium mixture to the undifferentiated
mixture. This, in an analogy with a
weakly hypoxic mixture, might depend on
the more "comfortable" character of
breathing under conditions of a supple-
mentary (in this case hypercapnic) stimu-
lus. But a clearly negative response was
noted to a mixture with 2.5% carbon di-
oxide content in the helium group, where-
as there was no such response in the
nitrogen group. The mixture containing
67 CO2

nitrogen medium, but it was expressed

was also clearly avoided in the

more in the helium medium.

Medium degrees of hypercapnia in a helium medium seem to be better dis-

tinguished by man than in a nitrogen medium. This causes a more often expressed

negative response. We assume that the combination of hypercapnia and the sub-

stitution of helium for nitrogen, because of its unusual nature, is not able to

cause an adequate enough (in the sense of an agreement between increased venti-

lation and lung perfusion) compensation for the organism's response. This could

cause noncompensatory hypercapnic shifts.

In fact, this appears to be the reason

for man's negative response to moderate hypercapnia. Direct research can

definitely determine the carbon dioxide pressure in the blood in the respiration

of corresponding mixtures.
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It can be concluded from the data presented that the physical properties
of helium are revealed in the distinction by animals and man of respiratory med-
ia which contain this gas. Among its most important properties are its low den~
sity, which facilitates decreasing the resistance of the gas flow in the respir-

}atory passages, and its somewhat changing respiration regime.

The facts obtained confirm that on a number of occasions the use of helium
mixtures can favorably influence man's respiration. It must be admitted that
there are sufficiently valid recommendations for the use of a helio-oxygen mix-
ture not only for the treatment of those with various air flow obstructions in
the respiratory passages (Barach, 1934; Green and Day, 1954; Marshak, 1%61;
Kulik, 1967, et al), but also under several hypoxic conditions (Kane, 1940;
Dolina, et al., 1966). The basic positive property of helium under these condi-

tions is its favorable influence on the efficiency of respiratory muscle work.

Besides, several authors (Dembeau, 1957; Isayev, 1968) see an advantage

in the great diffusion capacity of helium. Molecules of this gas, easily pene-
trating into the air passages, anust, from this point of view, carry away mole-
cules of oxygen. This improves pulmonary gaseous exchange conditions. As much
evidence as there is in the literature, the interesting hypothesis that — in
respiration of helio~oxygen mixtures — gaseous exchange and the carbon dioxide
diffusion ability of the lungs do not change still lacks experimental support
(Robertson, et al., 1966). Our experiments did not show any specific influence
of helium on the oxygenation of the blood, which would be impossiBie to explain
by the changes of the breathing conditions discussed above.

Regarding the question of distinction by animals and man of respiratory
media, the following important fact must be noted here. Experiments with helium
mixtures clearly show that gas preference responses cannot only be determined by
direct "chemical" influence of a certain mixture on the gas regime of an intern-
al medium. Selecting a specific gas mixture, the organism also "takes into con-
sideration" the greater or lesser ease of achieving a compensated gas regime.
More accurately, it "considers" the energy expenditure in respiratory work which

will guarantee the necessary alveolar ventilation under given conditions.
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Chapter IV

RESPONSES TO THE ALTERED GAS MEDIUM UNDER FIXED BREATHING
REGIME CONDITIONS

Here we are going to discuss the question of what the organism uses as a /73

reference point in choosing and distinguishing gas mixtures.

Earlier we made the suggestion that, in actively choosing respiratory media
with varying oxygen and carbon dioxide content, an organism avoids most of all
those mixtures which cause in him uncompensated shifts of the gas regime (hy-
poxia, hypercapnia). Behavior of animals and man is determined by chemical

factors.

On the other hand, experiments with helium mixtures also demonstrated the
role of the respiratory muscle load as a factor which has an influence under
certain conditions on the choice by animals and man of certain gas media. It
is also impossible to deny the role of that factor in the mechanism of disting-
uishing hyperoxic and especially hypercapnic mixtures, as responses to the
latter can cause a significant increase in pulmonary ventilation. The mechan-
ical work of the respiratory muscles increases in hyperventilation to an even
higher degree than the volume of respiration per minute (Otis, et al., 1950).
Thus, hypercapnia increases energy expenditure in respiration particularly
sharply ‘when the carbon dioxide content in the inhaled air exceeds 5% (Whitten-
berger, 1962). If the work of the respiratory muscles in quiet air breathing
is 0.56 kgm/min, then under the influence of hypercapnic mixtures this work in-

creases according to the P 0 proportienally to the logarithm of ventilation

C

2
for an exponent of 1.79 (Flenley, 1964). Cases are known in clinical practice
when an organism '"tolerates" a certain degree of hypoxemia and hypercapnia to

avoid an increased respiratory load (Gray and Field, 1959; Shick, 1963).
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However, in our experiments the threholds of ventilator response and dis-
tinction of respiratory mixtures often did not coincide. The selection index 174
and the intensity of hyperventilation in breathing these mixtures are not always
sufficiently clear. Therefore, it is difficult to imagine that man distinguishes
specific media from air by his own respiratory responses. These verbal reports
of the subjects about an apparent difficulty of breathing must be considered
critically, as they are in no way connected with the expression of hyperventila-
tion by a certain person. It is known that a self-report about the character of
respiratory movements 1s achieved with great difficulty (Osipova, 1960). For
example, people who were given a respiratory mixture containing 10.5% O2 hardly
noticed that their pulmonary ventilation at that time increased one and a half
times (Voytkevich, 1952).

Nevertheless, what role do responses of the respiratory apparatus play in
man's distinguishing and selecting gas mixtures? We conducted experiments where
ventilator responses in breathing various mixtures were removed as far as possi-
ble (Breslav and Zhironkin, 1969). This was accomplished by fixing the breath-
ing of the subject in a certain regime of rhythm and depth during the experiment.
Respiration in man is closely connected with locomotor function and speech.
Therefore, respiratory movements, as is known, can be controlled arbitrarily.
This ability of man, studied recently by a number of authors (Smirnov, et al,
1962; Reid, et al., 1966/1967; Kulik, 1967; Fudin, 1967; Remmers, et al., 1968),
is limited by demands to preserve an adequate gaseous exchange by the organism,
(Danko, 1964; Kolyakina, 1967). Consequently the possibility of daintaining a
normal respiration regime is connected, as is gas preference, with the physio—
logical adequacy of an inhaled gas mixture. This stimulated us to study not
only the distinction and choice of various mixtures under fixed respiration
conditions, but also the limits within which man is able to inhibit arbitrarily

ventilator response to changed composition of a respiratory medium.

To carry out these experiments, the spirographic apparatus described in
Chapter I was fitted with a special attachment. A supplementary contact was
mounted on each slide of the spirograph which slid along two vertical rods.

The upper part of each rod was metal; the lower was covered with insulation.
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The rod can be moved in a vertical direction, setting it at the proper level.
The rods were activated by electric currents in series with signal bulbs (white
and blue) on the panels of the subject and the experimenter. In the inhalation
phase, the slide of the spirograph rose upwards, the sliding contact crossed
from the insulated part of each rod to the metal part, closing the circuit of

the corresponding bulb.

Before the experiment, the contact rods of both slides were set so that at
each inhalation of the subject — at the moment when the minimum required respira-
tory volume was reached — the white light came on. When the inhalation reached
the maximum allowable level, the blue one lit up. Each of the subject's inhala- /75
tions began on the stroke of an electric metronome, set at a certain rhythm. In
advance two controlled experiments were conducted with each subject. In the first
of these under free air breathing conditions, we found the natural volume and
rhythm of respiratory movements for a given man. In the second experiment, the
contact rods were set so that the white bulb came on when the respiratory volume
of a given subject reached 90%, and the blue bulb when 110% was reached; the

rhythm of the metronome was set to correspond with the respiration rate.

The subjects were given these instructions: breathe undet the metronome,
inhaling each time until the white bulb lights up and not allowing the blue one
to be switched on. If the preset rhythm and depth of breathing were suitable,
than all the subsequent experiments in a given series were conducted with this

same regime, which, as a rule, the subject was quite used to.

HYPOXIC AND HYPEROXIC GAS PREFERENCE

Let us compare the data obtained in free breathing of hypoxic mixtures
(Figure 7) with the results of the experiments conducted under fixed breathing

regime conditions.

As is seen in Figure 26, with a constant ventilation level, the man dis-
played a clearer negative response to hypoxic medium. Such a response in a

significant part of the subjects was already observed with 5-minute respiration
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poor media would lead to an intensified
crease of corresponding hemoreceptor

not support this. In a fixed respiration
regime, the decrease in oxygen saturation
of the blood was not more, but even somewhat less, than under free breathing
conditions. Thus, in a l5-~minute respiration of a mixture containing 12% 02,
the decrease in oxygenation of the blood during a free regime was 5.5 + 1.92

more than in the very same people during a fixed breathing regime.

This fact might seem strange, as ventilator response had to compensate
exactly for the decreased oxygen entering the alveoli. But it must be taken
into account that increased yentilation is not always accompanied by an ade-
quate increase of pulmonary blood flow. This disparity between perfusion and
ventilation lowers the efficiency of pulmonary gaseous exchange (Dirken and
Heemstra, 1947-1948, et al). Another reason for the comparatively high oxygen-
ation of the blood during fixed breathing of hypoxic mixtures could be the
lowered utilization of oxygen by the tissues. In fact, under these conditions
oxygen consumption is considerably less than in free breathing. For example,
at the 15th minute of freely breathing a mixture with 127 02, the difference
was 70 * 27 ml 02/min. Possibly, the slowing down of the oxidizing processes

in an organism during a fixed level of ventilation occurred because of the



conditioned reflex connections between the metabolism level and respiration.
Or it might have been caused by the presence in the central nervous system of

a strong dominant center directed at suppressing the ventilator response to

hypoxia.

Analyzing the distinction of hypoxic mixtures during free breathing (see
page 64), we made the assumption that part of the unpleasant sensations of man
might be connected with hypocapnia as one of the effects of increased ventila-~
tion. Under these conditions of a constant ventilation regime, this factor com~
pletely disappears. As our data showed, in breathing hypoxic mixtures alveolar

P hardly changes at all.
002

We assume that the basic reason for increased negative response to mixtures lzz
with lowered oxygen content in a fixed respiratory regime lies in the conflict
between the hypoxic stimulus from an internal medium (stimulus of the respira-
tory response) and the slowing process issuing from the cortex of the brain.

This is illustrated by the verbal reports of the subjects. Besides the usual

"hard to breathe" statements, they often stated: '"not enough air", "I want to

inhale deeper", etc.

When the hypoxic stimulation reached a specific strength, such a conflict
was solved by ventilator response. Involuntary intensification (more sharp in-
crease of frequency) of respiration began. Similar cutoffs often occurred in
inhaling mixtures containing 12 - 9% 02, and took place in the majority of sub-—-

jects when the oxygen conceantration in a respiratory mixture was lowered to 7%

(Figure 27).

In Chapter II it was shown that inhaling oxygen does not change the volume
of ventilation much. Evidently, in connection with this fact, response to pure
oxygen in a fixed regime differs little from the response observed under free

breathing conditions.
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Figure 27. Spirogram and oxygen saturation of the blood in man under conditions of a fixed
respiration regime with inhalation of air and hypoxic mixtures. A - respiration of a mixture
with 9% 02 content, given parameters are maintained, the air mixture is preferred to the

hypoxic; B - respiration of a mixture with 7% 02 content, a cutoff of a given volume

begins, negative response to an hypoxic mixture is still more evident. Shaded line -
minimum, average, and maximum respiratory volumes. The rest of the legend is the same
as in Figure 8.
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HYPERCAPNIC GAS PREFERENCE

If, under ordinary conditions as shown in Chapter II, the threshold of
man's ability to distinguish hypercapnic mixtures in 5-minute exposures is re-
vealed in the interval between 3 and 47 COZ’ then in a fixed breathing regime,
mixtures with even 1-2% 002 content would often be rejected by the subjects.

But a negative choice response to more concentrated hypercapnic mixtures appears

much more clearly than in free breathing (Figure 28).

Obviously, man's increased ability to distinguish these media under fixed
respiratory regime conditions is due to the known difficulty of arbitrarily sup-
pressing ventilator response to excess carbon dioxide.

Even in inhaling mixtures containing 1% CO frequent cutoffs of a given

2,
2
many subjects could endure neither the depth nor the rhythm of the respiratory

volume of respiration are observed. With the CO, content in mixtures of 4-57,
movements demanded by the instructions. With increased carbon dioxide concen-
tration, impairment of the fixed respiratory regime became all the more
frequent. .
Hypercapnic shifts were expressed more strongly under these conditions
than in free breathing of the same mixtures. Inhalation of mixtures containing

only 2% CO, increased the alveolar pressure of this gas to 6 mm Hg.

2
Evidently, a similar carbon dioxide excess in the internal medium, coupled

with the difficulty of repressing respiratory responses to this lack, is also a

reason why negative preference in inhaling a hypercapnic mixtures not only does

not weaken, but even intensifies, under fixed ventilation conditions. The re- /80

moval of one of the factors of negative résponses to hypercapnia (increased

load on the respiratory muscles during hyperventilation) was followed by the

introduction of a new negative factor.

In one of the series of experiments, the "tuning" of the subjects' breath-
ing was changed. At first, in the control experiment, they freely breathed
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a mixture containing 3% 002 and 217 O2

of respiration observed then were recorded.

in nitrogen. The depth and frequency

The subjects had to observe this

same Increased resplratory regime in the following experiments.

Under conditions of such a fixed hyperventilation when the subjects were

offered ordinary alr and a mixture containing 3% COZ’ the overwhelming majority

chose the latter (Figure 29).
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Figure 28. Hypercapnic gas preference
of man under conditions of a fixed
respiration regime. Average data from
12 subjects. Shaded columns - number
of "cutoffs" of a given respiratory
volume (in % of the number of experi-
ments). The rest of the legend is

the same as in Figures 7 and 14.
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Figure 29. Hypercapnic gas
preference in man'under con-
ditions of a fixed respiration
regime "tuned" to an air (I)
and to a hypercapnic (II)
mixture. Average data from
12 subjects. Vertically -~
choice index of a mixture
with 3% CO2 content (ét)'

It is clear that if, at an ordinary level of ventilation, a man exhibits

a negative response to this mixture, avoiding hypercapnia, then in an experi-
ment thus arranged he avoids, on the other hand, hypocapnia, developing with

the increased ventilation of air. 1In this case, the mixture containing excess

carbon dioxide eliminated hypocapnia; therefore, evidently, it was also pre-

ferred by the subjects.
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Here the interrelationship of chemical and reflex respiratory responses
might also play a definite role. There is evidence that dilation of the lungs
by the Hering*—Brerer reflexes lowers the sensitivity of the respiratory center
to carbon dioxide (Fowler, 1954; Opie, et al., 1959). Therefore, increased
respiration depth, because of the inhibiting influence of pulmonary mechanoreceptor
excitation (negative feedback), decreases the '"conscious perception of chemical
stimulus". It allows a man to maintain a given respiratory volume when there is
a large carbon dioxide concentration in an inhaled mixture (Remmers, et al.,
1968).

HYPOXIC-HYPERCAPNIC GAS PREFERENCE

Let us discuss how man reacted under fixed respiratory regime conditions
to hypoxic mixtures on a background of a hypercapnic mixture (3% CO2 in the
undifferentiated and in the differentiated mixtures).

Two versions of the experiments were conducted. In the first version the
subjects breathed, and the ordinary parameters were observed (rhythm and respir-
ation volume) which were established for them in air breathing (Figure 30, A).
Under these conditions the "undifferentiated" mixture (3% 002 + 21% 02) was not

in the strict sense indifferent, as it caused hypercapnic shifts in man.

Regarding this choice response, the mixtures here containing 18 and
15% 02 were not distinguished by the subjects from normally oxygenated mixtures
in 5-minute respiration. Many people under these conditions could not even en-
dure the given volume of respiration. A 12% mixture even caused certain nega-
tive responses accompanied by complaints about the sharp worsening of general
feeling (dizziness, sweating). Cases of given respiration parameters being cut
off were more frequent. These effects were expressed still more stongly in

breathing a hypercapnic mixture containing 9% 02.

*
Translator's Note: This is named after Ewald Hering, a German
physiologist.
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rest of the legend is the same as paradoxical effect is not difficult to
in Figures 7 and 26. explain as the mixtures with a somewhat

lowered oxygen content were more adequate
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hibiting influence of the lowered respiratory volume on the chemical semsitivity
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negative response in the subjects. Disruption of the given respiratory regime

occurred here.
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Therefore, under fixed respiration regime conditions, man's ability to
distinguish changes of the gas composition of inhaled mixtures 1s stronger than
under ordinary conditions. Man clearly selects those media whose content is
more adequate for a given volume of pulmonary ventilation and responds negatively
to mixtures whose respiration in a given regime involves impairment of the gas

content of the internal medium — hypoxia, hypercapnia, or hypocapnia.

This shows that gas preference responses to mixtures with altered oxygen
and carbon dioxide content are not basically determined by the load on the res-—
piratory muscles. Otherwise, the ability of man to distinguish gas mixtures in
fixed respiration regime conditions would not increase, but on the contrary,
disappear because of ventilator response to this mixture. If the energy factor
also plays some kind of a role here, then it is only a secondary one(l). The
organism responds mostly to hypoxic and hypercapnic shifts in the internal medium.
When we, with the help of arbitrary stress, hinder the reflex apparatus of an
adequate ventilation level in response to these shifts, negative choice, and
consequently, also distinction of corresponding mixtures increases. This evi-
dently occurs because of a conflict between the stimulating and inhibiting pro-
cesses in the cortex of the brain which coordinate respiration with other func-

tions (Kocherga, 1966).

The question of man's ability to maintain a constant regime of respiratory
movement also is of independent importance. There is information that this
ability remains in moderate hypoxia, in an "ascent" in an altitud® chamber to
an altitude of 5 km (Buteyko, et al, 1966). But if the oxygen content in the /84
medium is significantly 1owéred (according to our data below 9%), arbitrary
regulation of respiration still cannot retard hypoxic stimulation, even in a
short length of time. Regulatory mechanisms are even more sensitive to hyper—
capnia. Just a 3% CO2 content in the inhaled mixture causes disturbance of a
given respiration regime in some people. However, man's strongest ability to

activate ventilation response arbitrarily is impaired when a shortage of oxygen

(1)This does not pertain to breathing helium mixtures. Due to the sig-
nificant difference between the physical properties of respiratory media, the
energy factor is of decisive importance in gas preference responses (see
Chapter III).

89



in the respiratory medium is combined with excess carbon dioxide, i.e., under
the influence of the most adequate stimulator of respiration, active in muscle
work. According to the observations of Y.I. Dan'ko (1964, 1967) in intense

muscular activity man does not seem to be in a position to regulate his respira-~

tion arbitrarily.

Man's gas preference response, on one hand, and the ability to direct his
respiration, on the other, have a common element — a verbal self-report, which

is also a most important component of any arbitrary (conscious) activity.

The research ot K.M. Smirnov, et al., 1962, 1964, 1966, showed that in
fulfilling the instructions about changing depth or rhythm of his breathing a

man necessarily repeats the task to himself.

The perception of one or other afferent impulses, caused by a change in
the composition of a respiratory medium, must also evidently reach a level at
which it can be verbalized to cause an arbitrary act of choosing a mixture.
According to information from our subjects, in evaluating the respiratory mix-
tures offered to them during the experiment, they necessarily spoke to them-
selves ("the right mixture is kind of stifling", "the left one was easier to
breathe", "this mixture should be ended quicker, I can't breathe it any more",
etec.). It was indicated in Chapter I that discrepancies between verbal report

and actual choice of gas mixtures were quite rare.

As will be shown, in the process of training man to distinguish gas media,

this generality of gas preference responses with arbitrary respiration regulation

is clearly revealed.
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Chapter V

RECEPTORS FOR RESPONSES TO THE ALTERED GAS MEDIUM

Which specific receptors emit the information on the gas composition of /85
the external and internal media, which provides for an adequate body reaction

to varying compositions of respiratory mixtures?

Unfortunately, Soviet literature does not include a single state-of-the-
art work in this field. Hence, it was felt that this problem should be discussed

in some detail.

MECHANISMS FOR THE PERCEPTION OF THE GAS ENVIRONMENT COMPOSITION

We will now consider the receptor, which can be included in the "gas
analyzer" of the given organism, based on data that were obtained as a result
of intensive studies, conducted in recent years in the field of respiratory con-

trol and chemoreception.

Chemoreceptors. of the Respiratory Tract and Lungs

It is logical to assume that the composition of the respiratory gas media
is perceived at the "intake'" into the organism, similar to food. This accounts
for numerous attempts, made by investigators, to discover the appropriate sens-
ors. In fact, the inspired air first of all makes contact with the mucosa of
the upper respiratory tract, which serves as a receptor field for the reactions
to miscellaneous irritants, including chemical irritants. Could it just be that

these receptors control the composition of the inspired air?
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Ye.N. Pavlovskiy (1937) noted the sensitivity of nasal mucosa to increased
002 concentration; this sensitivity decreased after neurotomy of the trigeminal
nerve (fifth cranial nerve). V.A. Bukov (194l) passed gaseous mixtures separ-
ately through the larynx and through the upper respiratory tracts. He was able
to observe respiratory and blood circulation reactions, which could be correlated

with the 002 content in the gas mixtures used; after cocainization of the mucosa,

these reactions disappeared.

However, these findings were not confirmed in subsequent studies; thus,
the presence of chemoreceptors participating in breathing control in the respira-
tory tracts of mammals cannot be considered an established fact. The aforemen-
tioned studies by Ye.N. Pavlovskiy and V.A. Bukov conceivably might have dealt
withartefacts, if we consider the sensitivity of the mucosa of the upper respira-
tory tract to the mechanical action of airflow (Lopatina, 1948); Fel'berbaum,
1963; Sagalovich, 1967; Comroe, 1967, and others.

The remarkable constancy of alveolar air composition led many physiologists
to assume the existence of receptors which control the pressure of gases in al-

veolae, or in the blood from the lungs.

In pulmonary alveolae, morphologists were discovering certain special
cluster-like or dendritic nerve endings. Assumptions were made that these nerve
endings may be the ones that perceive the variation of the composition of the

alveolar air (Larsell, 1922; Partridge, 1944, Lashkov, 1963).

Back in the 19th century, Traube (1847, cited from Cordier and Heymans,
1935) thought that chemical irritations are transmitted directly to the respira-
tory center from the lungs. Notably, pulmonary irritation by toxic agents
causes dyspnea (Mayer, 1925, cited from Cordier and Heymans, 1935, and many
others). Ammonia vapors cause a reflectory stoppage of breathing (Dauterband,
1933; Vinokurov, 1948, et al). In addition, data were obtained, supporting
the contention regarding the effect of CO2 upon pulmonary receptors.
Pi~Sufier and Bellido, 1921 (cited from Cordier and Heymans, 1935) ventilating
lungs perfused by COZ-rich mixtures (greater than 20%), noted a reflex
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excitation of the respiratory center of an isolated animal head over the vagus
nerve (tenth cranial nerve). Some investigators concluded that lungs contain
receptors, reacting to the CO2 of the inspired air (Pi-Suifier, 1947).
Hortolomeri, et al., 1963, introduced oxygen through a probe, inserted into the
main bronchus, and observed a decrease of the amplitude and of the breathing

rate; opposite effects took place with CO2 mixtures.

In spite of these investigations, most authors do not attribute a substan~
tial role in breathing control to pulmonary chemoreceptors (Heymans and Heymans,
1927; Dejours, 1962, et al.). Following is the basis for this viewpoint:

(¢H) The ventilation of isolated lungs, connected to an isolated head
only by means of pneumogastric nerves, using hypoxic or hyper-
carpic mixtures, does not affect the function of the respiratory 87
center; Pi-Sufier's findings can be attributed to the application
of obviously non-physiological concentrations of CO2 (Heymands
and Heymans, 1927).

(2) The inspiration of mixtures, containing 10% C02, does not cause
an increased impulse rate in the afferent fiber of the pulmonary
branches of pneumogastric nerves (Keller and Loeser, 1930;
Partridge, 1933).

3 During the inspiration of C02—enriched mixtures, increased ventil-
ation lags behind the shift of alveolar pressure of C02; apparent-

ly it sets in only when the increased CO, pressure of the blood

2
begins to affect the arterial chemoreceptors and the respiratory

center (Read, et al., 1964).

Cordier and Heymans (1935) stipulated that the alveolar content of C02,
within physiological or even within pathophysiological limits, has no reflex
influence upon the respiratory center, and that the sensitive endings of the
vagus nerve in the lungs can be stimulated only by powerful chemical irritants.

The stimulation of these receptors, during the variation of the composition of
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the inspired air can, without doubt, induce only local reflexes, affecting the
control of the bronchial lumen (Nissel, 1950), and the pulmonary vessels (Dirk-~
en Heemstra, 1947-48; Cook, et al., 1963).

It will be demonstrated in the following that, according to current data,
there are apparently no receptors for the gas composition of the blood in the
vessels of the pulmonary circulatory system. Instead, the crucial role in the
control of the internal gas media of the organism belongs to the chemoreceptors

%
of the Willis circle , i.e., sinocarotid and aortic.

Aortic and Sinocarotid Chemoreceptors

In the 20th Century, J.F. Heymans and C. Heymans demonstrated the existence
of special sensing elements, adapted for the perception of variations of the
chemical composition of the blood. Along with baroreceptors, which regulate the
blood pressure and were discovered by Ludwig, Zion, and Gehring, these sensing
elements are located in the wall of the arcus aortae, as well as at the external/

internal bifurcation of the carotid artery.

A perfusion of the cardiac-aortic region by acapnic or hypercapnic blood
produced an inhibition or stimulation of the respiratory center, respectively
(Heymans and Heymans, 1927). A similar response of the carotid sinus zone
turned out to be even more significant (Heymans and Bouckaert, 1930). It was
found that when a donor dog, during a perfusion of the vasoisolated carotid
sinus, inspires mixtures containing 5 to 107 002, the recipient dog displays
an acute reflex respiratory stimulation. The same effect was observed when the /88
donor dog was breathing nitrogen or hydrogen. Denervation of the aortic or
sinocarotid zones considerably reduced or completely eliminated the hypoxic
reaction: some animals died from hyposidosis without any reaction from the
respiratory center, others displayed (dyspnea) only at extreme stages of hy-
poxia (Heymans, et al., 1932). Thus, it was established that afferent nerve

*
Translator's Note: This is circulus arteriosis cerebri.
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endings in sinocarotids are stimulated by oxygen insufficiency and excess of

carbonic acid in the circulating blood.

The carotid body (as well as the aortic body) is a nodule (glomus) con-
sisting of chromaffine tissue and containing cavities which receive the blood

from the thin branch of the carotid artery. Under the endothelium of these
cavities are numerous nerve endings which receive the chemical stimuli (DeCastro,
1928, cited from Cordier and Heymans, 1935). The afferent fibers of sinocarotid
receptors form the sinus nerve, or Hering nerve, which is a branch of the

IXth pair (ramus caroticus n. glossopharyngei, s. sinusvernus; Hering, 1923).

The aortic body emits afferent fibers within the aortic branch of the pheumo-

gastric nerve (ramus aorticus n. vagi).

Phylogenesis and Ontogenesis. Chemoreceptors that are homologous
to the carotid receptors were discovered in the area of branchial vessels of
fishes and amphibial larvae (Kravchinskiy, 1945). There are numerous indications
supporting the contention that the origin of the receptors of the carotid and of
the aortic glomera of higher animals is related to the evolution of ganglious
tissue in the area of branchial vessesls (Koch, 1931; Boyd, 1937, cited from
Kravchinskiy, 1945; Bystrov, 1939, cited from Chernigovskiy, 1947; Chernigovskiy,
1947, 1960; Vinnikov, 1958). The structure and function of the glomera in rep-
tiles, birds, and mammals are approximately the same (Heymans, 1958). Man does
not represent an exception, neither with respect to the histological structure
(Seto, 1935) nor with respect to the physiological role of these formationms.
The latter was demonstrated on patients who underwent neck surgery (Carlsten et

al., 1958).

Apparently, synocarotid chemoreceptors become activated at the fetal
stage. Cross and Malcolm (1952) reported on gestating sheep who were transferred
to oxygen breathing after a period of hypoxia, At this moment, the activity of
the sinus nerve (sinusnervus) in the fetus temporarily disappeared. Carbonic
acid pressure and hydrogen ion concentration in the umbilical venous blood, be-
tween the moment of birth and the first inspiration (i.e., for 30 to 90 minutes)

were drastically increased; the oxygen pressure was reduced. In view of this,
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the chemoreceptive impulsation is important as a stimulator of the first respir-
atory motions at birth (Avery, et al., 1965; Harned, et al., 1967). In fact,
there exist reports on the low activity of chemoreceptors (Miller and Smull, /89

1955), or else on the reduced sensitivity of the respiratorial center toward

glomerogenic impulses in infants. However, other authors (Davis and Mott,
1958) found that arterial chemoreceptors in infants were functioning normally.
Cross and Oppé (1952) reported an increased of VRM in children after one minute
of breathing a mixture with a 15% O2 content; subsequent inspiration of pure
oxygen resulted in a rapid drop of ventilation. These reactions were even more
pronounced in children than in adults, and undoubtedly account for a full-scale

functioning of the chemoreceptor apparatus already at early postnatal stage.

The Function of Chemoreceptors at Normal Oxygen Pressure in the
Blood. Comroe and Schmidt (1938) had previously assumed that the chemoreceptors
of the arterial system under normoxy cannot play any role whatsoever in respir-
atory regulation, inasmuch as their excitation threshold by hypoxic blood cor-

responded to a P, below 50 mm Hg.

0,

However, in the opinion of most investigators (Heymans, et al.,
1932; Gesell, 1939; Bernthal, 1944; and others), arterial chemoreceptors already

become active at normal P0 . It was reported that the impulses in the sinus
2
nerve of a cat become noticeable when the Po pressure in arterial blood reaches
2
80 to 100 mm Hg (Euler, et al., 1939; Hornbein, et al., 1961. Dejours, et al.,

1958), stipulated a chemoreceptor's stimulation threshold as 170 mm Hg with
reference to arterial P, . This is equivalent to a 33% oxygen content in the

0,
inspired air.

Understandably, if the blood's P0 is above the stimulation thresh-
2
old of chemoreceptors, their activity must disappear. This assumption proved
to be correct. When animals inspire hyperoxic mixtures, the electrical activity
of the carotid body goes down (Landgrem and Zotterman, 1951). Oxygen inspira~-
tion causes a transient decrease of pulmonary ventilation in animals and in

man. After the denervation of aortic and carotid reflexogenic zones, this
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reaction is absent (Dripps and Comroe, 1947; Vayksleyger, et al., 1963;
Dejours, 1963). Thus in the terminology used by Dripps and Comroe, oxygen pro-

duces a "physiological denervation" of the chemoreceptors.

From the aforementioned facts, it appears that at normal Po levels
2
the arterial chemoreceptors are in a state of tonic stimulation which is one of

the factors supporting the performance of the respiratory center on a certain

level.

The Role of Arterial Chemoreceptors in Hypoxic Reactions. Of utmost
importance is the reaction of aortic and sinocarotid chemoreceptors in the ad-
aptation of the organism to oxygen insufficiency. While the inspiration of
hypoxic mixtures under normal conditions causes an increase of ventilation,
depression of respiratory activity was observed during the first minutes of
inspiration of such mixtures in animals with a chronic denervation of chemore-
ceptors (Wett, et al., 1934; Chambers, et al., 1947; Swieler, 1967; and others).
This is naturally accompanied by a considerable decrease of the blood oxygena-

tion (Grant, 1951; Beller, 1958).

The role of carotid glomera, as necessary sensors of oxygen insuf-

/9

ficiency, was explicitly demonstrated in experiments by Fitzgerald, et al. (1964).

The sinocarotid zone of a dog was isolated from general circulation and perfused

with blood with high oxygen pressure (over 500 mm Hg) and low P (less than

()
2
10 mm Hg). The breathing of a hypoxic mixture produced a reduction of the pul-

monary ventilation in the animal, rather than the normally expected increase.

Upon a chronic denervation of the sinocarotid chemoreceptors and
a block of n. vagus, the inspiration of a 10% 02 mixture does not appear to
cause a constriction of the respiratory tract, which is typical for hypoxia
(Nadel and Widdicombe, 1962). Generally, chemoreceptor reflexes provide for
an increase of VRM while the oxygen content in the inspired air is decreased
to about 16%. This mechanism is quite stable; in fact, it is retained even
under deep sedation (Comroe, et al., 1956). The sensitivity of the arterial

chemoreceptors also accounts for the ventilatory reaction of hypoxia during
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muscular activity (Hormbein and Roos, 1962).

This is the mechanism that supports the Po level in blood; a reduction
2
of this level is an adequate stimulant of sinocarotid and aortic chemoreceptors.

In the opinion of a number of iInvestigators, the oxygen supply of a richly-

vascularized tissue indeed suffers when the PO level of the blood is reduced.
2

At the same time, arterial chemoreceptors are almost insensitive to the absolute
content of blood oxygen which essentially is the governing factor of gas ex-
change in all peripheral tissues and organs. This is apparent from experiments
involving loss of blood or from experiments involving the inspiration of a mix-
ture that, as known, reduces the percentage or oxyghemoglobin in'blood. With
such hemic hypoxia, the ventilatory reactions as well as an increase of the
sinocarotid chemoreceptoral activity of the experimental animal are either
weakly pronounced, or totally absent (Comroe and Schmidt, 1938; Ardashikova
and Shik, 1948; Duke et al., 1952; Horner, 1965).

In all instances of oxyen insufficiency in the media and a decrease of
oxygen pressure in blood, the reflexes of arterial chemoreceptors emerge as the
most important mechanism of adequate reations of the respiratory system (Ardash-

nikova, 1959, 1966).

The Sensitivity of Arterial Chemoreceptors to Carbonic Acid. Do
aortal and carotide chemoreceptors react to the carbonic acid level in the

blood?

Haldane and Smith (1893, cited from Haldane and Priestley, 1935)
found no relationship between the influence of vagotomy upon the onset time of
hyperpnoea in rabbits, who were breathing a mixture with a 20% concentration of
COZ. Gemill and Reeves (1933) reported that the respiratory response of dogs
to variations of carbon dioxide content in the inspired air did not change
after denervation, or after the removal of the carotid body. It would therefore
appear that, under normal conditions, a stimulation of the chemoreceptors of the
arterial tract by carbonic acid should not participate in breathing regulation.

On the basis of these facts, Comroe (1939) assumed that chemoreceptors become
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involved only at extreme stages of hypercapnia.

Some findings indicate that at the same time a variation of the PCO
2

of the blood, that perfuses the carotid body, produces an almost instantaneous
change of the electrical activity of the chemoreceptors; this change takes
place without any noticeable adaptation (Saaman and Stella, 1935). Moreover,

it was established that carbonic acid stimulates the chemoreceptors under normo-
capnic conditions (Gesell, et al., 1940; Euler and Lilejestrand, 1940-41). Ap~-
parently, the sensitivity threshold for arterial chemoreceptors is equivalent

to a PCO of about 20 to 30 mm Hg, i.e., it is somewhat below the normal PCo
2 2

of blood. An increase of carbonic acid pressure above this level is followed
by a linear increase of the afferentia from the carotid sinus (Bartels and
Witzleb, 1956; Krylov, 1966).

The initial ventilation increase in cats, caused by the inspiration
of a hypercapnic mixture, takes place parallel to the amplification of the im-
pulsation in afferent fibers that innervate the carotid glomus (Leitner, et al.,
1965). The inspiration of 1-2 volumes of 6% CO2 mixtures (CO2

the pulmonary ventilation in dogs and cats after 5-10 seconds; another 5 sec-

test) increases

onds later the ventilatory response reaches its maximum (1307 compared to the
initial ventilation). After denervation of the sinocarotid zone, this early
hyperpnoea is not observed. VRM increases sluggishly and late (more than after
15 seconds), on account of the central action of the carbonic acid (Bouverot,
et al., 1961, 1963, 1965; Dejours, 1963; Colard, et al., 1965; Florez and
Borison, 1967).

Consequently, the arterial chemoreceptive mechanism also partici-

pates in sustaining the constancy of PCO in the blood. This mechanism is par-
2

ticularly important in reactions involving rapid changes of PCo in the blood
2
o in arterial blood is sufficiently
2

high, the isolated effect of carbonic acid and hydrogen ions upon the chemo-

(Dutton, et al., 1967). However, when P

receptors of the carotid region is apparently insignificant, when compared to
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the central influences (Katsaros and Loeschke, 1964; Katsaros, 1965).

Some recent discussions involved the rhythmic oscillations of PCo
2

and Po in blood that are related to the respiratory cycle. Several authors
2

attributed to these oscillations an important role in the reflex stimulation of /92
arguing that arterial chemoreceptors are considerably more sensitive to inter-
mittent than to constant stimulation. However, some recently published studies
demonstrate that ventilation is maintained on a level which is equivalent to

the average alveolar PCO and PO , regardless of the variation of these quanti-
2 2
ties between inspiration and expiration (Cunningham, et al., 1965).

The Physiological Mechanism of Arterial Chemoreflexes. It was dem-
onstrated that aortic and carotid chemoreceptors react above all to oxygen in-
sufficiency in the circulating blood. A very considerable quantity of blood
circulates through the vessels of the glomus tissue (2 liters/minute/100 grams

of tissue); hence the venous P0 here is close to the arterial. At the same
2

time, the carotid body has a very low oxygen consumption, i.e., 9 ml/minute/100

grams of tissue (Daly, et al., 1954). It was assumed that chemoreceptor stimu-

lation, related to oxygen insufficiency, is caused by the imbalance of the oxy-

genation metabolism of the glomus tissue, possibly produced by a natural trans-

*
mitter — acetylcholine (Joels and Neil, 1962).

A local oxygen insufficiency may be caused not just by the decrease
of its pressure in the blood, but also by a decrease of the blood supply to the
glomera. In fact, there is an acute gain in electrical activity of the chemo-
receptor fibers when the blood flow in the carotid sinus is reduced (Floyd and
Heil, 1952; Neil, 1961), and when arterial blood pressure is lowered (Bjursted
and Hesser, 1942, et al.). Chemoreceptors also become more active when the
temperature of the circulating blood goes up (Bernthal and Weeks, 1939; Witzleb,
1952; Eyzaguirre and Lewin, 1961); this can be explained by the increased

. — e L L
Translator's note: Acetylcholine structural formula is

CH3 *«CO=0- C2H4 . N(CH3)3OH
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oxygen requirement of the glomus tissue.

We saw that arterial chemoreceptors are also stimulated by carbonic
acid. In this respect, the relationship between carbonic acid and hydrogen ion
concentration of the blood (Zotterman, 1935; and others) is of great significance,
even though some authors hold that PC02 and CH stimulate the chemoreceptors in-
dependently of each other (Joels and Neil, 1960; Lebedeva, 1965). In any event,
oxygen insufficiency and hydrocarbonic acid excess are positively interacting

stimuli for chemoreceptors. This will be discussed in some detail hereafter.

Most investigators feel that there exist specialized nerve endings
that are sensitive either to an excess of carbonic acid and hydrogen ions, or
to oxygen insufficiency (Winter, 1942; and others). This contention is supported
by the stimulation of different afferent fibers, depending on which of the agents
is acting upon the receptors (Heymans and Neil, 1958). It also is assumed that
there are two types of chemoreceptors: some are stimulated by the acidity of
the media and by acetylcholine under extreme conditions, whereas others are /93
stimulated by oxygen insufficiency, i.e., a threat to the energy balance of the
tissues (Krylov, 1963). There is also a school of thought that holds that the
receptors are of a uniform nature, and react upon oxygen insufficiency as well

co and the pH of tissue (Joels and Neil, 1962). Thus,
2
Eyzaguirre and Koyano (1965) observed the activation of the chemoreceptors of

as upon shifts of P

the carotid body of a cat im vitro by oxygen insufficiency, by excess of car-
bonic acid and by the acidity of the media, as well as by a decreased current
of the circulating solution. Analysis of the biocurrents of a single chemore-
ceptor fiber indicates that the overwhelming majority of such fibers are acti-
vated by any form of stimulant., The authors hold that an adequate stimulation
causes, In turn, a release of specific agents from the glomus cell; these cells,
in turn, stimulate a trigger reaction of the sensory fiber which takes place
according to the law "all or nothing".

It is quite conceivable that the same finite link participates in the

stimulation mechanism of chemoreceptors, regardless of the factors that cause

the stimulation. A common factor in the reaction to a variety of chemical
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stimulants is the depolarization of receptor terminals. V.A. Lebedeva (1965)
reached this conclusion upon analyzing experimental data regarding a complex
problem on the nature of chemical sensitivity in general and the reception of
carbonic acid in particular; incidentally, this problem is still far from being
solved. V.N. Chernigovskiy (1947, 1960) holds that agents such as oxygen in-
sufficiency, excess of carbonic acid, hydrogen ion concentration, and cyanides
act upon chemoreceptors by changing the metabolism of the tissue cells. This is
supported by experiments, involving the blocking of receptors by sodium fluoride
or monoiodoacetic acid; morphological data also appear to support this conten-
tion. As opposed to pressoreceptive endings, the chemoreceptive ending (includ-
ing those in the carotid sinuses) are not located in the vascular wall, but ia

the cells of the corresponding parts (Lavrent'yev, 1943).

Extremely important are the data by M.L. Belen'kiy who demonstrated that
chemoreceptive cells are stimulated when the catabolism of a macroerg of ATP*
in the tissue of a carotid glomus predominates over its resynthesis. In the
light of these findings, impulsation from the glomera acts like a signal warning
about the danger of overconsumption of the energy resources of the tissues

(Belen'kiy, 1952; Anichkov and Belen'kiy, 1962).

Such is the important and varied role of aortic and particularly sinocaro-
tid chemoreceptors. It is hardly surprising that elimination of these receptors
(removal, denervation, cold block) not only deprives the organism of the capa-
bility to regulate blood and tissue oxygenation, including that of the brain,
with sufficient responsiveness (Beller, 1958; Grechishkin, 1964; Krylov, 1966),
but also reduces pulmonary ventilation and brings about a general depression of

the physiological functions (Gessel, et al., 1940; Belen'kiy, 1952).

*
Translator's Note: .adenosin = e triphosphate.
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Chemoreceptors of Peripheral Vessels, Tissues, and of the Venous Channel

Are there devices that record the pressure of oxygen and of carbonic acid
in other areas of the vascular system (outside of the aortic and sinocarotid),

as well as in body tissues?

Inasmuch as the composition of mixed venous blood to a certain extent de-
pends on the energy metabolism of the organism, Zuntz and Heppert (1886) in the
19th century suggested the existence of special receptors in the right heart
and in the pulmonary artery which regulate the functions of respiratory and
vasomotor centers. Subsequently, a hypothesis was advanced suggesting the
existence of so-called "metaboreceptors'" which perceive the contents of metabolic
products in the blood and participate in respiratory regulation. This was ap-
parently supported by experiments with cross-blood circulation in dogs and by
the introduction of 2,4-dinitrophenol into the isolated rear extremity of the
"neural" animal which produced an increase of ventilation in both animals
(Ramsay, 1959). Indeed, when the neural bonds between the working extremity
and the respiratory center are disrupted, the ventilatory response to muscular
activity decreases (Kao et al., 1963). Some investigators pointed out that
when man is transferred to breathing a hypercapnic mixture, the complete venti-
latory reaction is delayed by two minutes as compared to an increase of the

alveolar PCO . This was explained by the fact that the respiratory response is
2

predicted on a gradual increase of P 0.° particularly in mixed venous blood. An

C
2
important argument in favor of the existence of venous chemoreceptors is the

exact proportionality between the ventilation levels and venous PCO s when
2
blood is artificially enriched by carbonic acid, as well as during moderate

muscular activity (Yamamoto and Edwards, 1960). No such relationship was ob-

served between ventilation and arterial PC0 . Using this mechanism, some

2
authors attempted to explain certain questionable elements in respiratory regu-
lation, particularly during muscular activity (Dutton et al., 1960; Riley et
al., 1961). Glomus islet-cell tissue, comparable to corresponding formations
of aortic and sinocarotid zones, was discovered in veins (Krage, 1962). Similar

islets were discovered in the pulmonary artery (Heymans, 1934; Elftman, 1943;
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Boyd, 1961). Again, the assumption was made that chemoreceptors in the pulmon-
ary arteryregulate the activity of the respiratory center, responding to the
composition of the mixed venous blood (Armstrong et al., 1961).

However, as of now, there is no direct evidence of the existence of these

chemoreceptors. Riley et al., (1963) and Paintal and Riley (1966) submit a

serious argument against the existence of a direct perception of the gas compo-

sition of venous blood. Thus, impulses in a single chemoreceptive fiber of the
aortic nerve were registered in a cat. These fibers were identified as chemo-
receptors on account of increased discharges during asphyxia. Upon introducing
nicotine into the right heart or into the root of the aorta, this impulsation
notably increased. Judging from the latent period of this reaction, all fibers
originate from the arteries of the greater circulatory system, rather than from
the right heart or the pulmonary artery. Riley attempts to explain the parallel-

ism between the ventilation and thevenousPCO by referring to the aforenamed
2

hypothesis of respiratory regulation under the influence of the oscillations of

co which, in turn, depend on the mixed venous Pco (particularly dur-
2 2

ing muscular activity).

arterial P

The extreme significance of peripheral "metaboreceptors" in the regulation
of respiratory activity has been obviously quite exaggerated. In experiments
with the perfusion of a vascularly isolated extremity, asphyxia of the donor
animal did not cause hyperpnoea of the '"meural’ animal (Comrce and Schmidt,
1943; Iaria et al., 1959), whereas the positive results obtained by Ramsay,
using the same methods, were explained as a consequence of loss of blood, rather
than the result of stimulation of specific chemoreceptors (Bailen and Howath,
1959). 1Ischemia of the extremities, where a quantity of metabolic products
should have accummulated that was expected to be quite adequate for the stimu-
lation of the hypothetic chemoreceptors, was not accompanied by any variations
of breathing in man (Asmussen et al., 1943). Dejours et al., (1955) performed
the following experiment: At the end of muscular legwork by man, circulation in
the femoral vessels was interrupted and, after two minutes, suddenly restored.
After 18 seconds, the subject showed an unexpected increase of the ventilation
which was always preceded by a drop in the saturation of the arterial blood
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measured by an aural oxymeter. Ischemic hypoxia of other organs has no effect
upon respiration either (Ardashnikova, 1965). No effects were obtained even
with the introduction of moderate concentrations of acids and alkalis into vena
femoralis (Heymans et al., 1932; Schmidt and Comroe, 1940). In those instances
when these agents did change respiration, the causes may have been pain stimuli

or non-physiological concentrations of the introduced substances (Dejours, 1962).

At the same time, it can be assumed that local chemical shifts in working
muscles increase the sensibility of mechanoreceptors which, in turn, affect res-
piration (Dejours et al., 1957; Bessour et al., 1959). Here, we should take
into account the general property of interoreceptors to raise their irritability
at certain stages of hypoxia (Pozdnyakova, 1963).

Contributions by V.N. Chernigovskiy (1947, 1960) and by his collaborators
(Lebedeva, 1964, et al.), dealing with the perfusion of different internal
organs, demonstrated that the peripheral vascular network has an abundance of
chemoreceptors which are in many ways similar to the carotid and aortic, even
though they are more sensitive to carbonic acid than to oxygen insufficiency.
However, in view of the low irritiability (Stegeman and B&ning, 1967), and a ng
long latent period, it would appear that these local chemoreceptors most likely
play a role in the regulation of local processes only (Sergiyevskiy, 1967).

The Immediate Chemical Sensitivity of the Respiratory Center

Rosenthal (1862) was the first to demonstrate the existence of a close
relationship between the activity-of the respiratory center of the myelencephalon
and the chemical composition (venosity) of the blood circulating through the
brain. According to Geppert and Zuntz (1888), cited by Cordier and Heymans
(1935), a neurotomy of the conductors between working muscles and the myelen-
cephalon does not affect the respiratory response to muscular work. However,
this response disappears if the working muscles are excluded from the general

- blood circulation. In Fredericq's experiments (1901), cited by Haldane and
Priestley (1935), animal heads were subjected to cross—circulation; when the

donor-animal was exposed to oxygen starvation, the recipient displayed dispnoea
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symptoms, and even convulsions, whereas the donor was more inclined to apnoea.
However, in this experiment the chemoreceptors (as yet unknown) may have played

a significant role, in addition to the respiratory center.

Lindhard (1912), cited from Vayksleger and Yeremenko (1964), stipulated
the inverse relationship between the sensitivity of the respiratory centers and
the oxygen blood pressure. Later, however, it became apparent that carbonic
acid, rather than oxygen, plays the predominant role in the chemical stimulation
of the respiratory center. Bersques (1953), cited from Sergiyevskiy and Ivanov
(1961), demonstrated that oxygen, dissolved in cerebrospiral fluid, has no effect

upon respiratory or upon vasometric centers.

Hooker et al., (1917) cited by Cordier and Heymans (1935), perfused
the myeloencephalon using defibrinized blood with the same pH, but different

PCo . He was able to establish that blood, equalized by 5% C02, increases pul-
2

monary ventilation. It was assumed (Winterstein, 1921; Gesell, 1929; Cordier
and Heymans, 1935) that carbonic acid has no direct influence upon the respira-
tory center, i.e., the work of the center is regulated in accordance with the
active reaction in its cells, possibly as a result of the direct influence of
hydrogen ion concentration of the blood (Hanus et al., 1944). Direct experi-
ments (Katz et al., 1963; and others) lead us to believe that the variations
of both pH and PCO2 in the respiratory center do indeed affect the ventilation.
What is the specific action mechanism of these chemical factors, as it
affects the work of respiratory centers? According to Haldane and Priestley
(1935), the chemical influences upon the respiratory centers define the degree /9.
of pulmonary extension when the Hering-Breuer reflexes set in; they also regu-
late the strength and rate of inspiration and aspiration. Z.I. Frankstein and
Z.N. Sergeyeva appropriately pointed out that '"the essential factor in the
Hering-Breuer reflexes is that they are aimed at a prevention of the disruption
of the gas composition of the blood" (1966:194). Carbonic acid plays a sub-
stantive role in providing the rhythmic nature of the respiratory center activ—
ity; in the hypocapnic state, intermittent impulsation in the fibers of the
diaphragm nerve is changed to continuous pulsation. Priban (1962) holds that
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arterial carbonic acid essentially affects the specific inhibiting neurons which,
in turn, change the activity of the respiratory center. 1In fact, hypercapnia
reduces the neuron sensitivity of the respiratory center (Gesell and Moyer,
1935). According to Barkroft's formulation, carbonic acid eliminates the inhi-
bition, rather than actively stimulating the respiratory centers. Indeed, car-
bonic acid and comparable buffer solutions depress the impulsations when they
act upon nerve fibers. When applied to the reticular formation of medulla ob-
longata, they cause breathing delay (Carpenter, 1963).

Banus et al., (1944) assumed the existence of two different systems in
the respiratory center zone: one that reacts upon intraceliularkshifts of car-
bonic acid, the other zone reacting to reflex impulses received in the center.
Under narcosis, the mechanism that is sensitive to carbonic acid is turned off,

whereas the reflex mechanism continues to function.

Thus, it can be concluded that the respiratory centers have an immediate
sensitivity to carbonic acid and to hydrogen ion concentration. The influence
of these factors upon the operation of the center is of a complex nature and is
predicated on the characteristic relationships between its functional elements.
At the present time, it is still difficult to differentiate between these rela-
tionships and the functions of other chemosensitive structures of the brain
which are mostly located in direct proximity to the respiratory center and were

investigated only within recent years.

Specific Chemosensitive Brain Structures

The presence of chemosensitive zones in the brain was proven by observing
the effects of lobelin and sodium cyanide upon respiration. The introduction
of these preparations into the IVth cerebral ventricle produces a decrease of
the respiration volume (Beckaert and Leusen, 1950), whereas a suboccipital in-
jection produces the opposite effect (Winterstein and Wiemer, 1959). A perfusion
of the IVth ventricle by veratridin = e also increases pulmonary ventilation /98
(Loeschcke and Koepchen, 1958).

107




Numerous investigations appear to indicate the existence of specific

zones in the brain that are sensitive to carbonic acid and to hyrogen ion

concentration.

Based on their experiments, Euler and Soederberg (1952) concluded that
the centrogenic effect of carbonic acid cannot be explained by a direct influence
upon the neurons of the respiratory center, but rather by a stimulation of the
true receptors, i.e., the first medullar neurons. The inspiration of a 10% CO2
mixture activates the neurons of the retiform formation, even when afferent in-
fluences are absent (Bonvallet et al., 1956). Several investigators (Loeschcke
and Koepchen, 1957; Loeschcke et al., 1958; Loeschcke, 1960; Mitchell Yet al.,
1963; Loeschcke, 1965) demonstrated that the perfusion of the IV{:h ventrical of

a cat's brain by solutions with a low pH or high PC0 s or the application of
2

shields saturated by the same solutions to the ventricle's walls contributes to
the animal's ventilation on account of the incr@;sgd breathing volume. Appar-
ently, the lateral surface of the medulla oblongata is the chemosensitive zone.
Presumably, the chemoreceptors are located close to the soft meninx, or inside
of it, and react to hydrogen ion concentration in the cerebrospinal fluid.

Chemosensitive zones were also discovered in the diencephalon area (Masland and

Yamamoto, 1962).

From these specific brain areas, the information is forwarded to the my-
elencephalic respiratory center proper (Comroe, 1967). We could assume that a
certain concentration of hydrogen ions (as well as a certain concé;tration of
carbonic acid), while stimulating the brain's chemoreceptors, eliminates the
continuous stimulation of the inspiratory part of the respiratory center (Mar-
shak, 1961). Moreover, in conjunction with a direct influence upon the center
(as well as afferentation from arterial chemoreceptors), it also regulates the
respiratory volume. Indeed, there exists a direct correlation between the ven-

tilation, on one hand, and the CH and PCO of the cerebrospinal fluid, on the
2
other hand (Michel and Kao, 1964). This relationship is particularly pronounced

in non-narcotized animals (Pappenheimer et al., 1965).
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Some authors (Heisey, et al., 1964) hold that about 40% of the ventilatory
reaction to carbonic acid is produced by the increased hydrogen ion concentration
of the cerebrospinal fluid, whereas 60% is produced by the effect of the same
agents upon the peripheral chemoreceptors (carotid and aortic), and upon the
respiratory center directly. Other investigators (Mitchell, 1966) suggest the
opposite relationsﬁip. It must be kept in mind that during the inspiration of
02 in the liquor takes place considerably 99
later and slower than in blood (Bradley and Semple, 1962). A direct ion pene~

a hypercapnic mixture, the gain of PC

tration from the cerebrospinal fluid to the first respiratory neurons.of the

reticular formation 1s also conceivable (Semple, 1965).

Some authors construe chemoreceptors of the ventro-lateral part of the
medulla oblongata as only one of the central mechanisms responding to the vari-
ation of hydrogen ion concentration in the interior (Cozine and Ngai, 1967), or
completely deny the rdle of liquor in the primary stimulation of the respiratory
center under the influence of carbonic acid (Heymans et al., 1965).

M.V. Sergiyevskiy also holds that the argument in favor of the "central" recept-

ors is not convincing.
However, we feel that the existence of specific chemosensitive zones of
the brain and their important role in hypercapnia reactions has been supported

by sufficiently reliable experimentation.

Comparative Evaluation of Various Structures in the Perception of

Gas Composition

It follows from the preceding review that the existence of two principal
groups of systems, sensitive to oxygen and carbonic acid pressure and participat-

ing in respiration control, has been established:

(1) arterial chemoreceptors of the aortal arch, particularly
carotid sinuses;
(2) respiratory center chemoreceptors in conjunction with the

specific chemosensitive structures of the brain.
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The principal role of both receptor systems is to serve as an impulsation
source, providing respiratory regulation in accordance with the metabolism re-
quirements of the organism. This shows the importance of this "respiration an-
alyzer" (Ayrapet'yants and Pogrebkova, 1963). Its sensor devices belong to
interoceptors, and at the same time the afferent impulses from them are trans-
fered to the actuating apparatus, which is closely connected to the ambient
media and 1is part of the somatic system (Kocherga, 1965).

Apparently, the peripheral chemoreceptor mechanism is ancient, and is
homologous to the "gas analyzer" of aquatic organisms. Actually, the branchial
vessels In water-breathing vertebrates are the only elements that stilf“maintain
direct contact with the external media and are equipped with receptors that per-
ceive the pressure of gases. With the transition of animals from water to land,
these receptors became internal (arterial) and, naturally, acquired some new
properties. It is difficult to agree that the high sensitivity of carotid J10c
bodies in mammals, as compared with homologous formations of amphibia, contra-
dicts the ancient origin of chemoreceptors of the carotid zone, as maintained
by S.V. Anichkov and M.L. Belen'kiy (1962). It is that very origin of those
formations that was newly confirmed by detailedcomparative physiological studies
(Ts.V. Serbenyuk, 1968). The significance of chemoreceptors in higher animals
and in man is determined by the fact that they are at the "gate" of the arterial
system; Similarly to baroreceptors, located in the same area, which provide a
constant arterial pressure, the chemoreceptors maintain a constant gas composi-
tion of the arterial blood by way of reflex responses. The cruicial role of
sinocarotid chemoreceptors in higher animals relates to the fact that the brain
tissue requires a constant gas medium. At the same time, the immediate chemical
sensitivity of the respiratory center was philogenetically developed on account
of the increasing role of the central nervous system (CNS) (Chernigovskiy, 1947).
The chemoreceptive apparatus, nonetheless, remains irreplaceable; e.g., under
deep narcosis, when the chemical sensitivity of specific brain structures and
of the respiratory center itself is depressed. Under such conditions, dener-

vation of the carotid zones leads to breathing failure (Wett et al., 1934).
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Being highly sensitive to threshold variations of the arterial pressure of
oxygen, as well as to carbonic acid and hydrogen ion concentration, arterial
chemoreceptors are the first elements to indicate these varlations providing
for an urgent adaptation of the breathing. Nonetheless, they rapidly adapt them-
selves to the effect of the irritant. The respiratory center and the receptor
formations in the walls of the brain ventricles respond later, being a more
stable regulatory mechanism (Winterstein, 1958; Okuneva, 1960). M.V. Sergiyev-
skiy (1961, 1963) holds that the cells of the cerebral cortex, along with carotid
receptors,are also extremely sensitive to metabolism products, including carbon-
ic acid. However, the immediate sensitivity of the respiratory center and of

the reticular formation to carbonic acid is low, even though it is stable.

It was demonstrated above that respiration 1s controlled by a chemore-
flexive as well as by a centrogenic mechanism, whereby the stimulation, caused
by a relative oxygen "insufficiency" and the stimulation, caused by an "excess"
of carbonic acid (even under normal rest conditions) do indeed coexist. The
immediate sensitivity of the respiratory center to hydrogen ion concentration
is higher than with chemoreceptors, and a denervation of the latter has little
effect upon the hypercapnic reactions of the organism (Gemill and Reeves,
1933), especially when the inspired air is rich in carbon dioxide gas (Hesser,
1949). The oxygen insufficiency acts primarily through arterial chemoreceptors /101
(Cordier and Heymans, 1935; Wiemer et al., 1963; Comroe, 1967; and others).

The respiratory center of the medular reticular formation receives and
integrates all stimuli that are forwarded from the receptor formations of
various levels (Mitchell, 1966; Wiemer and Kiwull, 1966). Understandably, other
parts of the brain also participate in this process, particularly the cerebral
cortex (Sergiyevskiy, 1966, 1967). Temporary bonds are formed in the cerebral
cortex; they provide for a rapid activation of adequate mechanisms of respira-
tory control which is explicitly manifested during muscular activity (Marshak,
1950, 1961). Cortex denervation reduces the sensitivity of regulatory mechan-
isms to carbonic acid, and disrupts the graduality of respiratory reactions

under the influence of this agent (Ivanov and El'gort, 1966).
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It should be generally kept in mind that the respiratory response to any
given factor may be provided not by one mechanism, but by several interchange-
able systems. For example, ventilation changes to air inspiration, containing
5-7% COZ’ in anaesthesized rats disappear only with short-range denervation of
carotid glomera (area postrema) in the region of thalamus anteriori corpora
quadrigmina, or of pons varolii anteriori and the mastoid bodies. 1In fact, the
retention of at least one of these formations makes the respiratory response

possible in its entirety (Masland and Yamamoto, 1962).

In spite of the extreme complexity of the mechanisms that participate in
reactions to such factors, as hypoxia and hypercapnia, the activity of this
"optimizing" system (Priban and Finchham, 1965) is regular to the extent that
it is possible to accurately predict shifts in the respiratory functions under
certain influences, including the formulation of appropriate models (Grodins,
1964; Yamamoto and Raub, 1967). All ventilatory stimuli that participate in
the regulation can be interpreted as elements of a closed circuit, converging
upon a certain common field in the CNS (central nervous system), where they are
transformed into an output signal. The CNS is based on feedback to the re-

ceptor devices, and hence is extremely sensitive (Tenney, 1963).

It has been pointed out before that there exists a positive interaction
between the different stimuli, i.e. oxygen deficiency, carbonic acid excess,
and hydrogen ion concentration; it appears that these stimuli amplify their
respective influences upon respiration. As a result, the ventilatbry response
under certain combinations of hypoxia and hypercapnia 1is greater than the arith-
metical sum of the effects of each of these factors, acting separately (Nielsen
and Smith, 1951; Loeschcke et al., 1963; Cunningham et al., 1964; Honda et
al., 1965; Malmejac et al., 1966). Accordingly, under hyperoxia, the respira-
tory reactions to carbonic acid are attenuated (Loeschcke and Gertz, 1968; Lam /102

bertsen et. al., 1963; Downes and Lambertsen, 1966).

The interaction between hypoxic and hypercapnic stimuli is elucidated by
different schools of thought. Some investigators demonstrated the disappearance

of this interaction in animals after denervation of the carotid receptors
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(Malmejac et al., 1966). Other authors hold that reciprocal amplification of
the hypoxic and of the hypercapnic stimuli is essentially of a central origin
(Wiemer and Kiwull, 1966), or else it requires a "state of central stimulation"
which takes place specifically during muscular activity (Tenney and Brooks,
1966) .

Incidentally, hypoxic-hypercapnic interaction is directly related to res-
piratory control during muscular work. Muscular activity is associated with a
strong increase of oxygen consumption and a rising level of carbonic acid and
of other acid products in the blood. Such a combination is the most adequate
factor for respiratory stimulation; this explains the phenomenon of the strongly
pronounced ventilatory reaction to hypoxia in conjunction with hypercapnia. A
detailed analysis of this complex and important problem lies beyond the frame-
work of this study, because here we are dealing with reaction to shifts in the
internal medium. However, it should be pointed out that it is during muscular
activity that apparently the most complete interaction between peripheral and
central devices, perceiving chemical shifts in the organism, takes place. The
ventilation is brought into an exact balance with the shifts of the gas compo-
sition of mixed venous blood (Yamamoto and Edwards, 1960; Riley et al., 1963;
Hashisuka, 1965), i.e., the level of oxygenation-reduced process in the organ-
ism. This explains the aforenamed numerous attempts to prove the existence of
"mixed venous" chemoreceptors. Respiratory control during muscular activity is

so perfect that (provided that the load is not excessive), the alveolar PO as
N 2
well as oxygenation and blood Po are almost unchanged, as compared to a state
2
of rest (Konradl et al., 1934; Voytkevich, 1955; Hesser and Mattel, 1963; et

al).

It appears to us that above all the chemical shifts in the internal med-
ium that occur during muscular activity are adequate stimulation of the chemo-
receptive devices that participate in breathing control. Indeed, if venous
blood is directly enriched by carbonic acid, the ventilatory reaction turns
out to be the same as with corresponding hypercapnia, caused by inspiration of
a mixture containing a large amount of carbon dioxide (Lamb, 1966, 1967). Thus
we have complete compensation for the gas regime during moderate muscular /103
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activity, as compared to incomplete compensation during inspiration of changed

gas mixtures (Dornhorst, 1963).

Indeed, the function of all receptor mechanisms, that respond to the
pressure of the respiratory mixture in land vertebrates, consists in the per-
ception of those shifts in the chemism of the interior medium which take place
during work and other metabolic changes. For practical purposes, the organism
is not exposed to significant variations of the gas composition of the external
media. Using modified respiratory media, we act only upon individual links of
the “optimization system'". And this system, in turn, is designed to eliminate
only the endogenic shifts in gas composition of the internal medium. Thus,
when mixtures with carbon dioxide are inspired, the signalization from chemo-
sensitive devices (carotid and "brain" chemoreceptors, cells of the respiratory
center proper) is convereted into an "output signal" which causes an increase
in ventialtion that is sufficient to wash out the excess carbonic acid with
ordinary air. However, since the expired mixture is enriched by carbon dioxide,
only a "compromise" reduction of hypercapnia is attained (i.e., provided that

the mixture's PCO is less than the alveolar), and alveolar PCO is maintained
2 2

on a more or less elevated level (Tenmmey, 1963).

It follows that in view of the physiological properties of chemosensitive
devices, a compensation of the shifts caused by oxygen insufficiency or excess
carbon dioxide in the respiratory medium (especilally if these factors are act-
ing separately), strictly speaking, cannot be complete. Using such gas mixtures,
we are only partially modelling the reactions by means of which the organism
maintains a constant internal gas medium. However, the specific purpose of the
"gas analyzer" of higher animals is the perception of the shifts of chemism in
the -internal media which, in view of the varying intensity of the metabolic

processes, require an appropriate restructuring of breathing.

ON THE AFFERENT LINK IN THE GAS PREFERENCE RESPONSE

It was demonstrated that not all reactions (e.g., hyperventilation, etc.)

to a changed respiratory media are accompanied by general behavioral responses
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in animals, or by a differentiating response in man. Gas preference is mani-
fested only when the gas regimen of the organism is noticeably disrupted; this
manifestation, obviously, is caused by some stimuli from the internal medium.

The question‘hence arises: which perception devices emit these stimuli?

From the preceding discussion it should be apparent that the appropriate
impulses could not originate in the upper réspiratory tract or from the lungs.
The following characteristic features of gas preference also support this con-
tention: /104

(1) A rather long latent period of the response of choice and
differentiation of the mixtures, measured in minutes (and

not in seconds, as for olfactory reactions);

(2) Absence of direct feedback between gas preference in man
and the composition of respiratory media selected by man,
as demonstrated in experiments with a fixed breathing

regime.
These experiments demonstrated that man's ability to differentiate between
gas compositions is related to stimulations from the wvascular bed or tissues,

rather than from the respiratory passages.

Role of Sinocarotid Chemoreceptors

Inasmuch as the role of sinocarotid chemoreceptors (essentially glomera
of the carotid sinus) is generally recognized in almost all reactions, involv-
ing a changed gas medium, we attempted to estimate their role in gas preference
responses. To this end, we performed experiments involving the denervation of

sinocarotid arteris of white rats.
The bifurcation of one of the carotid arteris was exposed in the animals

under nembutal. To prevent unfavorable reflex reactions during tissue surgery,
the area was infiltrated with a 0.5% novocaine solution. The adeventitia
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of the carotid sinus was thoroughly treated with phenol (10%). The same was
performed on the other carotid. The prophylaxis for pneumonia, which is a fre-
quent occurrence with this type of surgery, was done by repeated in:tvamuscu-
lar penicilline injections. After three to five days, the animal was fit for

conventional experimentation.

The rats that were used as control animals for the "denervated" rats, were
subjected to the same operation, with the exception of artery treatment by

phenol.

Figures 31 and 32 indicate that a denervation of the sinocarotid zome

produced a considerable effect upon the hypoxy gas preference in rats.

The denervated animals did not react to weak hypoxy (14% 02 in nitrogen)
whereas in the control animals there was a tendency (however weakly pronounced)
to a negative choice reaction. The control animals reacted in a clearly nega-
tive manner to a medium containing 10.5% 02, whereas rats exposed to sinocarotid
denervation reacted much less; in fact, their reaction did not even reach a
statistically appreciable level. A strictly hypoxial mixture (7% 02 in nitrogen)
was avoided by both groups of rats almost equally.

It follows that chemoreceptors of carotid sinuses play a considerable
role in gas preference reactions in rats, as compared to moderately hypoxic
mixtures. An almost entirely negative reaction to oxygen deprivhtion is retained
after these receptors are eliminated. This appears to indicate that the upper /105
segments of the CNS receive signalization on the hypoxic state of the organism
not just from the receptors of carotid glomera, but also from some other reflex-
ogenic zones. At extreme stages of oxygen starvation, the latter can also com-

pletely substitute for the chemoreceptor function of carotid arteries.

Rats, subject?d to sinocarotid denervation, barely reacted to moderate
admixtures (5%Z) of carbon dioxide; the control animals began to display a nega-
tive reaction. A pronounced hypercapnic medium (CO2 9%) produced a negative

reaction in the denervated animals as well; however, this reaction was weaker
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Figure 31. The effects of the sino-
carotid denervation upon the gas
preference of rats. The data are
averaged from 20 animals. Each pair
of columns represents: the left
column - control-operated animals.
The right column - animals that
survived carotid sinus denervation.
Vertical column - selection index

than in the control animals.

Thus, carotid sinus receptors also
participate in the behavioral reactions
to hypercapnic atmosphere. As expected,
in the absence of these receptors, the
reaction to carbon dioxide does not dis-
appear entirely. We know now that chemo-
sensitive areas of the brain also serve

as a source of hypercapnic signalization.

When the same mixture (9% COZ) was
administered with a hypoxia background
(11.5% 02), then the negative reaction
of rats with eliminated sinocarotid

o

of the different zone S(t);

receptors was reduced even more. Possi-

Horizontal column - gas composition
in the different zones:
1 - 147 02; 2 - 10.5% 02; 3 -7 02;

bly, the depressing action of oxygen /106

starvation upon the nerve centers is

4 - 57 COZ; 5~ 9% COZ; 6 ~ 10% 02 + more pronounced in the presence of im-
+ 3% COZ' pulsation from the peripheral nerve

centers. After sinocarotid denervation
the animals stopped avoiding a combined hypoxic-hypercapnic medium (10% 02 +
+ 3% COZ); this proves the participation of the chemoreceptors oﬁhthe arterial
bed in the mechanism of positive interaction of the hypoxic and hypercapnic

stimuli.

These data support the fact that the chemoreceptors of the sinocarotid
zone are one of the receptor elements of the gas preference reaction chain. It
is of interest, as pointed out by V.G. Kassil', A.M. Ugolev, and V.N. Cherni-
govskiy (1964), that the carotid glomera play an important role in the behavioral

reactions of selecting preferred food products by the organism.

It follows that these chemorectpor zones participate in the chemism regu-

lation of the internal medium in the broadest sense. Indeed, S.V. Anichkov and
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M.L. Belen'kiy (1962) demon-
strated conclusively that re~
flexes, stemming from carotid
glomera, affect not just the

respiration, but also a number

of conjugated functions such as

e e e
\ \ . 1 L TR AR S hydrocarbon metabolism and,

0 1 2 3 4 b 6 7 8 9 w0

in the final analysis, are

Figure 32. A kymogram of the movements directed toward maintaining

of a rat in a hypoxia gradient (10 to

21% 02) after sinocarotid denervation. the energy resources of the
There is no notable avoidance of the organism.

hypoxic zone (compare with Figure 6;

notations are the same). So far, it is not yet en-

tirely clear as to what other
perceiving devices participate in gas preference reactions. While the receptors
of brain ventricles are also sensitive to carbonic acid, when it comes to hy-
poxia reations, we can only estimate them in terms of the chemoreceptors of the
arch of the aorta. The latter, as generally believed (Chalmers, et al., 1967;
and others) play a considerably lesser role than carotid receptors. However,
this has been established on laboratory animals — dogs, cats, and rabbits,
which are the conventional objects for sinocarotid denervation. The problem of
the possible role of aortal receptors in the respiratory regulation of rats has
not been touched upon in the literature that is available to us. It is conceiv-
able that animals react not just upon peripheral chemoreflexaffef%ntation,'but fi07
also on some shifts of a secondary nature (circulatory and metabolic) which
occur as a result of oxygen starvation in various systems of the organism, in-

cluding the brain (Sanotskaya, 1962; Cohen, et al., 1967).
The differentiation of respiratory mixtures by man is even more complex.
It was pointed out by A.B. Gandel'sman and his staff (Gandel'sman, 1965;
Gandel 'sman, et al., 1966) that man can estimate his hypoxic state in exact

accordance with the actual blood oxygenation decrease, i.e., apparently based

upon some adequate introceptive signalization.
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Gutz, et al., (1966), recently undertook a detailed investigation of the
role of arterial chemoreceptors in the respiratory response of man. To block
the sinocarotid and aortic chemoreceptors, they introduced lignocain into the

th and Xth nerve trunks. After a

subject's cranium base, in the area of the IX
control period (air respiration), the subjects were unnoticeably switched to

respiration of a hypoxic mixture (8% O, in nitrogen). It was found that block-

2
ing substantially reduced the ventilatory response. However, during breathing
the mixture, in the subject's own words, he experienced "the usual pleasant

sensation of hypoxia".

In another experiment, the same subject, upon identical blocking of the
arterial chemoreceptors, was given a mixture containing 3% 002 in oxygen. The
experiment was performed under conditions of countercurrent breathing with a
gradual increase of carbon dioxide concentration in the respiratory medium.

The ventilatory response in this instance also went down substantially, as com—
pared with the control experiment (prior to the blocking). Denervation of the
sinocarotid and aortic receptors apparently also affected the sensations during
hypercapnia: there was no desire to "expand the chest", and the subject could
continue to breathe the carbon dioxide mixture for a considerably longer time
that in the control experiment. The authors correctly explain ‘that by the block-
ing of the afferent fibers of the pulmonary branches of n. vagus, which participate

in the Hering-Breuer reflex, rather than by chemoreceptor denervation.

A flaw in both of the described experiments is that each one is a singular
experiment. Moreover, they were performed on a subject who was apparently fully
aware of the investigation in progress. Unfortunately, we were unable to find

references to similar studies In the literature.

The current state of the art leads us to surmise that the receptor link
in gas preference reactions in man includes, in addition to arterial chemorecept-
ors, some other receptor devices. As in animal reactions, once could conceivably /108
assume the chemosensitivity of certain areas of the brain, as well as the recep-
tion of secondary hypoxic and hypercapnic shifts in tissues primarily in the
CNS itself.
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Common Mechanisms of,Differentiating_Bespi;gtory Media.

Gas Preference and Dyspnoea

It appears to us that mechanisms of gas preference cannot be simply
treated as the results of impulsation from a certain reflexogenic zone. Appar-
ently it is not just the sensory formations, described in this review, which
serve as the receptor link in compensatory reactions of the respiratory and of

related systems that participate in this process.

One characteristic of the reactions of differentiation and selection of
gas media is in the long latent period, measurable in terms of minutes. These
reactions set in only after the beginning of compensatory reactions which be-
come evidenced after only a few seconds. Gas preference thus emerges as a re~-

sult of an integrating function of the CNS.

Apparently the phenomena develop in the following order. The inspired
mixture with changed composition changes the pressure of the gases in the
alveolar air and subsequently in the blood. These changes are perceived by
arterial chemoreceptors and by chemosensitive areas of the brain, including the
cells of the respiratory cencer. This, in turn, activates a number of adaptive
mechanisms of respiration, blood circulation, and other functions. If in this
manner a more or less complete compensation of the gas regimen shift in the
internal media is attained, then the stimulation level from the aforementioned
receptive zones does not increase, or else it even decreases. In this instance,
there are no other general behavioral reactions of the organism to the given
media. Specifically, man does not differentiate it from normal air. 1In the
same instance, when the adaptive reactions are obviously insufficient, and the
blood and tissues retain considerably changes of the gas regimen, the amplified
impulsation from appropriate receptor devices grows. The response becomes am-
plified by the afferentation, caused by the development of secondary metabolic
shifts in the organism: change of the pH of body fluids, accummulation of
insufficiently oxygenized products, etc. Such an unusual afferent signalizationm,
combined with a changed working regimen of the respiratory muscles and other
systems, is the initial stimulus for a negative reaction to the inspired gas

mixture.
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Apparently a negative reaction to the gas media can also take place in
instances when the compensation is satisfactory, but is attained as a /109
result of excessive stress of the adaptive mechanisms, specifically by a drastic

increase of the energy consumption for respiratory work.

Here we should particularly consider man's formulation of sensations when
breathing mixtures that are being rejected by the body. Regardless of the
nature of the mixture (hypoxic, hypercapnic) the test subjects most frequently
state, "It's difficut to breathe", '"Not enough air", etc. But those are the
complaints of dyspnoea patients! It would appear to us that dyspnoea symptoms
coincide with the negative gas preference reactions not only in this, apparent-

ly totally external symptom, but also in their very substance.

As 1s known, dyspnoea complaints occur not just in a certain pathology
of respiration, blood circulation, metabolism or CNS functions; they are also
registered by healthy individuals exposed to heavy muscular loads, or upon
climbing to high altitudes. The pathogenesis of dyspnoea is by far not always

clear.

There is even no clear and precise formulation of the concept of dyspnoea.
M.V. Chernorutskiy (1954) and G.F. Lange (1958) distinguished between subjective
dyspnoea (sensation of insufficiency of breathing and hard panting) and objective
dyspnoea (acceleration of breathing and a change in its nature). Some authors
(Garbinski, 1967; and others) still maintain the same differentiation. Attempts
were made to define dyspnoea as a unique phenomenon, manifested both subjective-
ly and objectively (Myasnikov, 1952; Tushinskiy, et al., 1960). A.G. Dembo
(1966) pointed out that dyspnoea is "hyperpnea or inadequate hyperventilation'".

However, we must keep in mind that dyspnoea is not always accompanied by
hyperpnea. On the other hand, it is incorrect to refer to all hyperventilations
as dyspnoea. It is also very difficult to decide on the adequacy of veatilation
under changed conditions of gas exchange. There appears to be no clean-cut con-
nection between dyspnoea and the gas composition of the blood. Generally, the

dyspnoea phenomenon does not coincide with the concept of a respiratory
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insufficiency as a discrepancy between the respiratory function of the organism

and the gas exchange requirements in the broad sense of this definition (Dembo,

1957, 1966; Doroshchuk, 1965; Arakcheev, 1967).

For this reason, it appears to us that the viewpoint of those clinicists
who relate dyspnoea specifically with the "subjective'" aspects of breathing im~
pairment, i.e., with the respective complaints of the patient, is more justified.
In this sense, dyspnoea is a manifestation of the recognition of ventilation

difficulties (Comroe, et al., 1956).

What are the difficulties involved? Some investigators hold that the
source of unpleasant sensations during dyspnoea is in the accummulation of met-
abolism products in respiratory muscles under stress (Garbinski, 1967). Accord-
ing to N.S. Magazinnik (1962), dyspnoea patients have a considerably higher /11
energy consumption for pulmonary ventilation (see Chapter III regarding the pre-
cise perception of increased resistance to breathing in man). The author
relates dyspnoea with increased respiratory work, yet he found no distinct rela-
tionship between them. As we pointed out, there is no distinct relationship

between dyspnoea symptoms and variations of the blood's gas compositions, either.

Apparently, in some instances, the discrepancy between respiration and
the conditions of gas exchange, as well as overstress of the adaptive mechanisms,
are reflected in the higher sectors of the CNS which integrate the signalization
from proprioceptors of the respiratory muscles, the chemoreceptors of vessels
and tissues, etc. That is when conscious negative reaction to these conditions
is expressed in the form of complaints of impairment of breathing, lack of air,
etc. I.M. Sechenov (1866) classified such uncertain feelings (on the order of
hunger or overfilling of the stomach) in the category of self-conscious phenom-

ena which allow man to respond to impairments of his body functioms.

Gas preference reactions belong in the same category of phenomena. In
_terms of mechanism, negative gas preference reactions and dyspnoea apparently
conicide. We saw that negative reactions In man to different gas mixtures as

well as dyspnoea symptoms may occur with normal VRM (in experiments with a
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fixed respiratory regimen), and conversely, may be absent in hyperventiiacion.
‘It should be specified that dyspnoea is a negative reaction to non-compensated
or difficultly-compensated disturbances of the gas regimen of the organism,
caused by internal reasons (e.g., an obstructive pulmonary affliction or excess-
ive muscular activity). A negative gas preference reaction is related to simi-
lar disturbances, caused by changed respiratory media. Incidentally, dyspnoea
complaints in mountains should be considered as a negative gas preference to re-
duced partial oxygen pressure in the atmosphere. On the other hand, normal air,
as we saw, can also cause typical dyspnoea complaints if a completely healthy

subject is exposed to an alien respiratory regimen.
Taken in this frame of reference, studies of gas preference can contribute

to the understanding of the mecahnism of regpiratory impairments, both undex
physiological and pathological conditions.
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Chapter VI

FACTORS DETERMINING THE DIFFERENTIATION AND THE CHOICE OF THE

RESPIRATORY MEDIUM BY THE ORGANISM

Gas preference manifestations, similarly to other complex behavioral re~ /11
actions, are determined by many internal and external factors. Here, we will

only consider some of the most important of these factors.

DEVELOPMENT AND TRAINING OF GAS PREFERENCE REACTIONS

The primary question, both of theoretical and practical interest, is—
are gas preference reactions congenital, or are they formed as a result of re-
peated exposures to an unusual respiratory enviromment? The possibility of

. training or influencing these reactions is closely related to this problem.

Since higher animals under normal conditions do not encounter substantial
deviations of the respiratory environment from normal, it could be assumed that

gas preference of Earth vertebrates is not congenital.

Indeed, observing the active selection of preferred gas mixtures by
animal and man, it becomes apparent that the choice is formed by repeated
sampling of the offered mixtures. An animal, placed into a gas gradient
chamber, usually makes several runs from one end of the chamber to the other
until it selects the preferred zone. Man, in most instances, is switched dur-

ing the selection from one mixture to another.
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Apparently, temporary bonds are formed during this sampling between the
introceptive signals, considered in the preceding chapter, and the external
stimuli, The differentiation reaction of gas mixtures is formed on the basis
of these bonds. 1If such were the case, repeated exposures to the same mixtures
would have to improve the differentiation ability of the organism, or in other

words, strengthen the gas preference.

Dynamics of the Development and Reversal of Hypoxic and Hypercapnic /112

Gas Preference in Animals

To verify this assumption, experiments were performed on white mi%e, in-

volving repeated exposures to hypoxic gradients (Breslav, 1965c).

The animals were exposed at constant gradient for 30 minutes daily over
a five-day period in a gas gradient chamber. Thereupon the gradient was re-
versed, i.e., a hypoxic media was formed at the air end of the chamber, whereas
the formerly hypoxic zone became undifferentiated. An additional three to five ex~
posures were performed under these conditions, until the formerly observed
reaction was restored. For an adequate evaluation of the gas preference, the
selection time, i.e., the time between the beginning of the exposure and the /113
moment of selection of the preferred environment by the animal, in addition to
the diiferentiated mixcure index (St), was also taken into account. In order to
evaluate the effects of the respiratory experiments upon the general condition
of the animals, they were weighed daily (in this manner young mic¥ make it pos-
sible to register eventual impairments of their growth).

Several series of experiments were performed in the gas gradient device,
asing different gradients. We will analyze the three most typical experimental
variants: a modified, strong, and a very drastic oxygen reduction in the dif-

ferential zone. Ten mice were used in each variant.
A moderately hypoxic environment (12.5% 02) caused a statistically signif-

icant preference of the indifferentiated zone of the chamber by the animals (see

Figure 33). The negative choice index for the hypoxia zone was lower during
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Figure 33. Dynamics of hypoxic gas preference in mice
during repeated exposures to the following oxygen content
in the differentiated zone: (I) - 12.5%; (II) - 7.5%;
(III) - 2%. The data are averaged for each group of 10
animals. A - time of choosing the preferred zone, in
minutes; B -~ selection index of the differentiated zone
(St); C - body weight on the following day after the

exposure, in % of the weight on the initial day. The
horizontal lines show the numbers of exposures; the dashed
vertical lines show the ordered reversal change of the
gradient in the device.

the first exposure, and higher during subsequent exposures. At the same time,

the mice began to avoid the hypoxic end of the chamber sooner starting with the
second exposure. Judging from the gain in weight, the condition of the animals
during the experiments remained normal. A reversal of the gradient direction of the
device reduced the preference of the undifferentiated zone, extended somewhat

the time of choice, and produced a slight decrease of the body weight. During

the third exposure, these shifts were almost smoothed out.

Unquestionably, this adequate avoidance reaction of the hypoxic zone in

mice is a conditional reflex type reaction. This is supported primarily by the
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fact that this reaction is not manifested immediately,but involves a certain
period of choice, amounting to 8 to 11 minutes, during the initial exposures.
During such time, the mouse was able to run into the hypoxic zone 10 to 12

times and to be exposed to oxygen starvation to a certain extent. Even though
the effect in each instance was measurable in terms of seconds, one must consid-
er the insignificant oxygen reserve in the body of such a small animal, taking
into account the relatively high level of its gas metabolism. In addition, a
short-range variation of the composition of the inspired air acts even stonger
than a long-range variation (Hornbein et al., 1961). After numerous runs be~
tween the hypoxic and the air ends of the chamber, the animal developed an
avoidance of the hypoxic zome. Subsequently, the reaction was enforced and ac-
celerated, representing to a certain extent a reflex to a location. When the
gradient was reversed, the animal developed a new reaction with much more dif-
ficulty than the initial reaction. The modified conditions were now in conflict
with spatial relationships, that were already formed. This reversal is not on
easy process for the animals, and this is probably best evidenced in the temp-

orary impairment of the weight gain.

Thus, mice develop a negative reaction to a moderate reduction of the
oxygen content in a differentiated environment (known as compensated hypoxia);

this negative reaction can be reversed relatively fast. /114

Exposure in a gas gradient chamber, where the oxygen content in the hypoxie
zone was reduced to 7.5%, was accompanied by a considerably stronger reaction.
By and large, the dynamics of consecutive exposures and of gradient reversal
did not substantially differ from the one described above. Notably, the restor-
ation of choice after the reversal took slightly longer; the longer selection

time was retained until the fourth exposure.

When oxygen concentration was drastically reduced (up to 2%), the choice
index at the hypoxia end of the gas gradient device varied at about -0.9,
whereas the selection time during five exposures was reduced from 10.2 to 2.0 -
2.4 minutes. Beginning with the second or third day of the experiments, the
gain of body weight was replaced by a tendency to some loss of weight. A
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'reversal of the gradient direction caused a considerable decrease of the animals'

reaction to the hypoxie media, and also resulted in a loss of weight. These
indexes began to approached the initial figure only starting with the fifth

exposure.

Thus, with a more pronounced decrease of the oxygen concentration in the
differentiated enviromnment that caused non-compensated hypoxia, the animals'
reaction is not only more pronounced, but it is also formed quicker. At the
same time, its reversal, when the gradient direction is reversed, is more diffi-~
cult. Apparently, the reflex to location that is formed here is more stable.
Moreover, the inhibiting effect of oxygen starvation may affect the uncondition-
al reflexes, including chemoreceptive reflexes (Pozdnyakova, 1963), as well as
the conditional reflexes (Zvorykin, 1953; Bullard and Smyder, 1961; Doronin,
1963). This influence may have inhibited the reversal of the reaction to

changed conditions.

It appears to us that the impairment of the normal functioning of nerve
centers accounts for instances of the atypical paradoxic reaction, observed in
10 to 15% of the experimental animals (Table 2). Thus, one animal (Mouse
No. 802) during the first exposure preferred the hypoxia zone, rather than the
air zone. The experiment was interrupted when the animal had a convulsive
seizure during one of its runs to the hypoxia end (2% 02). During subsequent
exposures, the mouse quickly chose the undifferentiated area of the gas gradient
device, where it stayed almost for the entire duration of the experiment; this
was accompanied by a progressive loss of weight. When the direction of the
gradient was reversed, the mouse stayed mostly near the hypoxia zone during the
first two exposures, and displayed a weak preference for the air zone only dur-
ing the third exposure. The loss of body weight progressed strongly; the
animal died displaying typical symptoms of general exhaustion. Another animal
(Mouse No. 806) also preferred the hypoxia zone during the first exposure; this
animal also went into convulsions. When the gradient during the first and
third exposures was reversed, the mouse again chose the hypoxia zone. A weak
preference to air environment was apparent only during the fourth and fifth ex-
posures. A reversal caused a .considerable reduction of body weight which slowed

down only at the end of the experiment series.
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TABLE 2 ATYPICAL REACTIONS OF MICE TO A STRONG HYPOXIC ENVIRONMENT (27% 02)

Exposure after reversal of

Exposure at initial gradient . ; .
gradient direction

Index

1st 2nd 3rd 4th 5th

1st 2nd 3rd 4th 5th

Animal No. 802

- 5 | 4 1 1 -2 4 i — —

| Choice index of the differ- ] |
entiated zone (St) | ~* | —0.90 | —-0.96 | ~0.96 | —1.00 | 033 | 40.335 | ~0.10 — -

Choice (in minutes)

Body weight the day follow-

ing the exposure (in Z of ] 10924 | 104.t | 1009 | -084 | 984 | 880 | 775 | —»
the initial exposure day)
Animal No. 806

Choice (in minutes) - — 6 | — - t 1 1 1 2 4
Choice index of the differ- | ?
entiated zone (St) o . --0.86 e —0.33 e 0 40.30 | —0.12 | —0.20

Body weight the day follow-}

ing the exposure (in % of
the initial exposure day) 102.8 107.0 105.4 105.0 100.7 96.9 9%.6 87.2 82.2 81.4

*  Animal remains in the hypoxic zone, conyulsions set in and, as a comsequence, the exposure is
interrupted;

** Animal perished a few hours after the exposure.




S One could assume that some individuals

'

—03- —r e F developed a peculiar neurosis in such instan-
:Z;: s ces, in view of difficulty of developing an
:g;: 5 adequate reaction to a strongly hypoxic en-
:gg: E vironment. This neurosis became extremely
:08: ! ! % acute as a result of the "collision" caused
o3 I T Y ? D t _1._ by the reversal of the gradient direction;

e v s 6T e this was accompanied by a drastic impairment
Figure 34. The dynamics of of the trophical system and even by the death
hypercapnic gas preference in of one of the animals.

rats with repeated exposures
with 127 carbon dioxide in the

differentiated zone. Data av-
eraged for 10 animals. These findings support the assumption
Columns: choice index of the regarding the participation of the conditioned
differentiated zone, <St); reflex mechanism in the formation of hypoxic
Horizontals: numbers of ex~ .
posures; Dashed line: re- gas preference. It agrees with known facts in
versal of gradient direction the development of conditioned respiratory and
in the device.

other reflexes in animals under the influence

of undifferentiated stimuli in conjunction with

hypoxia (Arkhangel'skaya and Segal', 1954; Madarsz et al., 1965; et al.)

Similar regularities were discovered with respect to reactions to hyper-
capnic mixtures. As demonstrated in Figure 34, the negative reaction of white
mice to an environment containing 127% CO2 becomes stronger. Gradient reversal

temporily reduced this reaction to a small extent.

Thus, temporary bonds are established during the formation of behavioral /117
reactions tc excess carbon dioxide in the environment. This again is in agree-
ment with the data available on the possibility of developing conditional res-
piratory reflexes, based on hypercapnia (unconditioned stimulus), in conjunction
with any exteroceptive signals, including the mechanics and environment of the
experiment (Krasnmov, 1953; Pogrebkova, 1958; Golodov, 1959; Ivanov and El'gort,

1966).
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On the Possibility of Training Man to

Differentiate Breathing Mixtures

The discovered tendency of gas preference
reactions in animals to strengthening and con-
solidation, when the organism is repeatedly
exposed to a hypoxic or hypercapnic environ-
ment, indicates that it is theoretically pos-
sible to train for a differentiation of breath-

ing mixtures.

- e Y e e o e e e s e o o

An example are the two following consecu-

tive experiments with recurrent breathing in

a closed system, i.e., under conditions of

2 3 4 5 6 7 8
0r A28z gradually increasing hypoxia. The experiments

were conducted using the same method as des-

Figure 35. Dynamics of hyper- cribed in Chapter II.
capnic gas preference in man

with repeated exposures to a

mixture containing 2% C02' During the first experiment, most of the
Data obtained from 6 subjects.

A - selection index of the subjects not only did not have any sensations
differentiated mixture (St); related to oxygen insufficiency during re-

B - ratio (in %) of subjects current breathing, but were even unable to
who identified the differen- .

tiated and undifferentiated (air) switch themselves to atmospheric air up to
mixtures correctly (1), in- the moment of loss of consciousness. In the /119
correctly (3), and those who .

did not differentiate between second experiment, all subjects were able to
the mixtures (2). Horizontal identify the sensation of oncoming hypoxia;
line - number of exposures; . :
vertical dashed line - and most of the subjects, at the end of the
beginning of information from experiment, actively switched to air, being
the test subjects regarding aware of their inability to further breathe

the correctness of their
identification of the mixtures. the hypoxic mixture.

Notably, A.B. Gandel'sman (1965) pointed out that man indeed has the

ability to estimate the degree of hypoxemia at any given moment by means of
repeated exercise. "The physiological nature of the phenomenon of improving
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the accuracy of introceptive analysis appears to be predicated on a complex per-
ception of the time dynamics by the subject, remembering the perceptions during
the direct stimulation of the tissues (specifically the nerve centers), and re-

membering during the chemoreceptor stimulation of vascular and reflexogenic

zones" (Gandel'sman and Verkhalo, 1966:201).

With a repeated encounter of hypoxic mixtures, the preference becomes more
pronounced. Thus, in one of the groups, consisting of 12 subjects, who were not
yet exposed to hypoxia mixtures, only 9 subjects showed a negative reaction to a
mixture containing 97 02. In another similar group, which was exposed to vari-

ous hypoxic environments, the same mixture caused a negative reaction in all 12

test subjects.

To establish the possibility of training man's capabilities to differen-
tiate the admixture of carbon dioxide in the respiratory environment, we exposed

a group of six men on several occasions to the same pair of gas mixtures: an

undifferentiated one (air), and a differentiated one, which contained up to 2% CO2
with a normal oxygen content. After five minutes of such exposures, this CO2 con-
centration, as demonstrated in Chapter II, becomes a sub-threshold concentration

with respect to man's gas preference.

Indeed, during the first exposure, only half of the test subjects displayed
a negative reaction to this mixture; during the second exposure, the number of
subjects with a negative reaction was even lower (Figure 35). In future tests, the
following problem was posed before the subjects: learn to distinguisb between a
differentiated mixture, and anundifferentiated mixture. At the end of each test,
each subject was informed whether or not he correctly determined which of the
buttons of the control panel turned on the hypercapnic mixture, and which of the
buttons turned on the air (the connections between the buttons and the mixtures
were varied at random). As indicated on Figure 35, starting with the second or
third experiment, this information led most of the subjects to a correct differ~ /120

entiation of the mixtures.
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Naturally, some of the test subjects erred not only in that they wrongly
identified the offered mixtures, by also displayed a perverted respiratory
reaction. Thus one of the test subjects (female) had a completely normal and
moderate reaction during the first experiment to a 2% content of C02, whereas
during the fourth experiment she judged air to be a differentiated mixture,
while she was obviously avoiding air during this experimentation. At the same
time, the breathing of air caused a pronounced hyperventilation, whereas the
inspiration of a hypercapnic mixture produced hypoventilation. Thereby, the
respiratory changes during the switchings took place instantaneously, when the
mixture composition could not have affected the respiratory mechanism (Figure
36). Obviously, we are dealing here with a suggested respiratory response.
Being familiar with the physiology of respiration, this particular subject (as
opposed to others), following her personal verbal estimate of the mixtures —
in this instance an incorrect one — involuntarily simulated (in an exaggerated
fashion) the ventilatory response to a mixture that appeared to her to be a
differentiated one. Incidentally, V.I. Voytkevich (1952) noted adequate res-
pilratory response to a verbal signal on the forthcoming application of a hy-

poxic mixture (command: ''Poor mixture coming up!") in her test subjects.

In Chapter IV, we emphasized the role of a verbal self-report on the
mechanism of man's gas preference reactions. The aforenamed facts indicate
that verbal signalization has a decisive influence also in the training of

man's capability for the differentiation of respiratory mixtures.

INDIVIDUAL AND AGE CHARACTERISTICS

Individual Variability of Gas Preference

In both animals and man, gas preference responses seem to be subject to

considerable individual differences.

Among mice and rats we have found individuals which do not even react to
severe changes in the gas composition in the differentiated end of the gas
gradient instrument. As has already been said, such animals quite often died
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Figure 36. Spirograms of man, obtained during the breathing of air and of a mixture
containing 2% CO2 with correct (A) and incorrect (B) identification of the mixtures

by the test subjects. In the first experiment, the respiratory response to the hy-
percapnic mixture is normal; the mixture is usually avoided by the test subjects.
During the second experiment, the subject erroneously thought that the conventional
air was the differentiated mixture which caused strong hyperventialtion, which was
avoided by the subject. The other notations are the same as in Figure 8.



in the hypoxic medium, not being able to get out of the danger zone quickly
enough. Other individuals, on the contrary, had quick and exact reactions.
After one or two excursions into the differentiated zone, they chose the undif-
ferentiated end of the chamber, where they remained until the end of the

experiment.

Man's ability to distinguish respiratory mixtures is no less variable.
Thus, two subjects in only five minutes of inhalation distinguished, with no
trouble at all, mixtures with comparatively small changes in composition (15% 02

in nitrogen, or 2% CO, in air) from air. The majority of the subjects displayed /121

no regular preferencezfor them. These people served as a standard of man's
ability to distinguish respiratory mixtures. On the other hand, there were
cases (although they were rare) when the subjects chose mixtures for breathing
which caused severe hypoxic or hypercapnic shifts — for example, 77 O2 in

nitrogen or 5% C02.

This is a very interesting question. It is not connected with any kind
of physiological characteristics of dissimilar responses to altered respiratory

environments (Sergeyev, 1935; Kulik, 1967).

From all of our subjects (about 70 people) 5 were selected who expressed
the most negative response to breathing hypoxic mixtures, and 5 who., just the
opposite, had the most trouble distinguishing these mixtures.

It turned out that the greatest ability to distinguish these mixtures was
shown by those with the most regular and comparatively infrequent resparation.
Table 3 shows that most of them had reacted to mixtures with 12% 02 with notably
increased pulmonary ventilation, while the subjects who had difficulty disting-
ulshing the hypoxic mixtures had not yet given any ventilator response to them.
More severely hypoxic mixtures (9 - 7% 02) caused more increase of VRM in the
"good distinguishers" than in the "poor distinguishers".

It would seem that the respiratory response in people who distinguish hy-

poxic mixtures easily is more favorable for compensating the oxygen deficiency
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TABLE 3
RESPONSES TO A MIXTURE CONTAINING 12% O2 BY SUBJECTS HAVING VARIOUS
ABILITY TO DIFFERENTIATE HYPOXIC MEDTA

Index changes, in % of background (21% 02)

Choice index VRM Oxygen saturation

(St) of the blood
Mixture distinction:
Good -60 * 14 +11 £ 5 -11 + 2
Poor 0% 20 -6z -6+ 1
Difference between groups +60 -17 +5
P 0.1 0.05 0.05

in the medium. However, the lowered oxygenation of the blood under the influence

of hypoxic mixtures in this group is not less, but even somewhat more than in the
subjects who do not distinguish such mixtures well. A similar discrepancy exists
between strong ventilator response and relatively significant impairment of the
oxygen regime, and, consequently, also a more intensive hemoreceptor hypoxic im- /122
pulse. Perhaps this is one of the reasons for the sensitivity of some people

to a lowered oxygen content in the respiratory environment.

As has been stated, most of the subjects did not distinguish pure oxygen
from air, or they reacted negatively to this gas. More rarely, the subjects

preferred to breathe the oxygen.

We were able to record that the original pulse rate of most of the sub-
jects who reacted negatively to the oxygen was lower. In oxygen breathing their
pulse reduction was less than that in those who reacted positively to the oxygen.
Regarding the connection between pulse and oxygen consumption (Margaria, 1965),
such a difference in the rate of heart contractions indicates that the hyper-

oxic medium is preferred by people with a higher gaseous exchange, and there-

fore increased oxygen demand.
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We did not detect any kind of connection between the ability of individuals
to distinguish hypoxic mixtures and their attitude toward pure oxygen.

We shall now dwell on individual characteristics of subjeects by their var-
ious reactions to hypercapnic mixtures. Differences in gas preference were ex—
pressed mainly in relation to mixtures with 37 002 content. The majority of
those who easily distinguished an admixture of carbon dioxide had relatively
infrequent repiration. They reacted to the hypercapnic mixtures with increased
frequency and less depth of breathing. In breathing a mixture with 3% CO2 con-
centration, this group also had more of a decrease in pulse rate. Those who
did not distinguish or even preferred this mixture of '"pure" air had a faster
respiratory rhythm. This agrees with what has been indicated by clinical physi-
cians (Burrows et al., 1966) that obstructive lung diseases are characterized

by frequent shallow breathing and also by CO2 being held back in the organism.
This is evidently the result of lowered sensitivity to this agent.

Evidently man's ability to distinguish hypoxic media has something in
common with his ability to recognize hypercapnic media. Three of the subjects
were among those who most sensitively reacted to mixtures with lowered oxygen
content and to mixtures with lowered carbon dioxide concentration. However,
one of the subjects had difficulty distinguishing both. Such a parallelism
does not appear to be accurate. For example, other subjects easily distinguished

hypercapnic mixtures, but had difficulty with hypoxic.

The above mentioned characteristics of the physiological functions of those
variously distinguishing the hypoxic and hypercapnic mixtures did not always
reach a statistically significant level. No kind of regular difference was rec— /123
ognized between these groups according to such things as sex, age (true, all

our subjects generally were from one age group), and vital lung capacity.

We must note that the unusual abilities of individuals to distinguish such
mixtures are connected not only with characteristics of respiration regulation
in these people. They are also related to some characteristics of their higher
nervous activity, in the sense of more or less sensitivity to signaling from the

internal medium ("vague feelings").
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In the experiments of Gandel'sman which we have mentioned, it was stressed

repeatedly that trained athletes possess the ability to differentiate their own

hypoxemic shifts exceptionally accurately. We are inclined to support this fact:

all five of the subjects who distinguished the hypoxic mixtures most easily were
consistently involved in sports. In the group which had difficulty distinguish-

ing these mixtures, only one had athletic training.

But how can we understand the fact that in people who easily differentiate
hypoxic respiratory media, the latter cause the most significant lowering of
oxygen saturation of the blood? Evidently, resistance to oxygen starvation 1s
not necessarily assoclated with maintaining a high level of oxygen in the blood.
When it is a question of adapting to hypoxia (be it breathing an hypoxic mixture
or heavy work) we are primarily talking about economically utilizing oxygen.
This was demonstrated not long ago in the research of A.A. Artynyuk (1968). 1In
particular, highly trained athletes under muscular load had a reduction of oxy-
gen in the blood that was not less, but even more, than untrained people. It is
possible just this heightened hypoxemic shift also allows man to better '"feel

deeply" the oxygen lack and more quickly adapt to it.

And from this follows the assumption that man's ability to accurately per-

ceive a lack of oxygen can be one of the criteria of his high resistance to

hypoxia.

Age Features of Gas Preference

To study the relationships of response to various respiratory environments

with age, the experiments were conducted on three groups of white rats:

(1) young (1 month);
(2) mature (5 months);
(3) old (about 1 1/2 years).

There were about 20 animals in each group.
Figure 37 shows hypoxic, hyperoxic, and hypercapnic gas preference of rats

of various ages. Negative response to a mixture with lowered (10%) oxygen
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content was already present in the young animals. This agrees with most re-
searchers, who think that even newborns have completely developed chemoreceptor

responses to hypoxemia (Chapter V).

With age, the animals' avoidance of the hypoxic medium becomes somewhat
more strongly expressed. O01d animals showed the greatest negative response to
such a medium. This fact can be connected with the lowered resistance and great
sensitivity of the organism to hypoxia which was found in aged people (Lawyer,
1963). A.Z. Kolchinskaya (1963, 1964) noted in people over 80, even under ord-
inary circumstances, the appearance of oxygen insufficiency, which increased
(shortness of breath, sensation of not enough air) when in the mountains at
even low altitudes (2,000 meters). N.N. Sirotinin (1966) also thinks that oxy-
gen starvation develops with age. This plays an important role in the origin
of early signs of aging. Such senile hypoxia seems to be mostly the result of
lowered diffusion ability of the alveolar-arterial membrane (Yadzu, 1965).

It also results from inadequate alveolar ventilation because of increased phys-
iological dead space in connection with the tissue oxidation-reduction processes

(Seredenko, 1963).

This factor can be connected with the weakly positive response we found in
old rats to an hyperoxic enviromment. This confirms the idea of N.N. Sirotinin
that a supplementary oxygen supply is useful in extreme old age. Middle-aged

rats mostly responded negatively to the hyperoxic mixture.

Thus, unequal gas preference for mixtures with decreased and increased oxy-
gen content in animals of various ages is evidently connected with the changes

which the oxygen regime undergoes in ontogenesis.

Negative response to a hypercapnic medium seems to be inherent in rats of
all ages, including the young. This supports data in the literature about the
low threshold of hypercapnic respiratory responses in young animals (Yu. Ivanov,
1966), and the sensitivity of arterial chemoreceptorsto carbonic acid which is
characteristic of even newborns (Purves, 1966). At maturity, negative response

to a hypercapnic mixture had a tendency to decrease a little. In old rats it
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again increased slightly. Although these

S
+ag£ p , p , il differences are not statistically reliable,
! 1
+0.5h E 5 they seem to contradict reports of a high
o 1
+0.3k \ E threshold of ventilator responses to carbon
L R ]
4a5- g &' o E dioxide admixtures in old animals (Yu. Ivanov,
a1k !iJ % P LJ @ 1966). To explain this question it will
-03: i é probably be necessary to study the oxygen
-0.5F ' | pressure of the alveoli, the blood and the
-~ [}
-0.7} E | tissues at various ages.
—09k : |
05 - R EFFECTS OF EXPOSURE TO A CHANGED
10%0, 80%0, in N, 5%C0, in RESPIRATORY ENVIRONMENT AND
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Figure 37. Hypoxic (I), hyper-
oxie, (II), and hypercapnic (III) From the data cited, it would seem that

gas preference of young (1), ma-
ture (2), and old (3) rats. Av- gas preference to a certain degree reflects

erage data from 20 animals. . _
Vertically - choice index for the demands made by an organism on the res
the differentiated zone (St)' piratory environment — in particular, on

the partial pressure of oxygen.

In his research, Hall (1966) discovered a correlation between the ability

of several animals to extract oxygen from the atmosphere and a positive oxyhemo-

globin dissociation curve in their blood. The smaller rodents cannot absorb

oxygen when it has such a low partial pressure, as can the larger omes. This /12

feature was also confirmed in our experiments. As was shown in Chapter II,
negative responses in mice to an hypoxic medium developed at lower degrees of

decreased oxygen content in the differentiated zone of the gas gradient

chamber than in rats.

At the same time, gas preference characteristics in animals and man re-
flect the adaptability of the organism to the normal content of a respiratory
medium that is usual for lower layers of the atmosphere. From this point of

view, an organism adapted to an unusual gas medium must also show an altered

gas preference.
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Adaptability to altered atmospheric composition can be natural to species
living in high-mountain regions or in a medium more or less isolated from the
surrounding air, as in deep burrows. It is also known that an organism can

acclimatize to an unusual gas composition of the environment during lengthy

exposure.

We studied experimentally both natural and acquired "adjustment" of ap

organism to one or other compositions of the respiratory environment.

Natural Environment and Gas Preference of Some Rodents

As our basic research was conducted on laboratory rodents, it seemed im-
portant to set up experiments with those rodents which naturally live in an
altered respiratory environment. This group includes animals which inhabit deep
burrows where there can be a considerable accumulation of carbon dioxide and de-

creased oxygen content.

We carried out this work together with A.I. Shcheglova. The research was
conducted on species of desert rats, living in burrows. They were extracted
at various depths. We studied the giant (Rhombomys opimus Licht.), meridian
(Meriones meridianus Pall.), and crested (Meriones tamariscinus Pall.) sand
rats; and also the laminated-tooth rat (Nesokia indica Gray). Laboratory white
rats (Rattus norvegicus Berk.) were used as a comparison. Each species was

represented in the experiments by 10 - 11 specimens that were 2 - 3 months old.

We studied the animals' responses to the following gas mixtures: 10 and
80% 02 in nitrogen and 57 CO2 in nitrogen with a normal oxygen content. The
animals were exposed twice to experiments using each of these mixtures. Table
4 shows the data which characterized species differences in the rodents' res-

ponses to hypoxic, hyperoxic, and hypercapnic media.
The white rat displayed a severe negative response to the hypoxic medium.

The meridian sand rat also responded negatively to oxygen deficiency. There

was no response to the hypoxic gas mixture from the crested sand rat or the
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laminated-tooth rat. A positive (statistically significant) response to this /127

———

medium was even displayed by the great sand rat.

The medium with excess oxygen content caused an insignificant tendency
toward positive response in the meridian sand rat and the white rat. At the
same time, the great and crested sand rats, as well as the laminated~tooth rat,

had practically no response to the hyperoxic medium,

TABLE 4
CHOICE INDEX OF GAS MIXTURES FOR VARIOUS SPECIES OF RODENTS

M. 10Z 0, in N, [80% 0. in N, |5% €O,+21% 0. inN.
Species of | 2 2 2 2 2 O in N,
) amﬂ Sttm P J?f? »r Sgtm P
Giant sand rat 11 |4-0.174+008]| 005 0 — | =005+ {>05
+0.08
Crested sand rat 10 |+4+0.48+021| 04 |-10.024+0.23{>05| —001+{>05
+0.12
Meridian sand rat 10 |—0.284009| 001 |4044+009| 02| —0.37+ |<0.001
+0.08
Laminated-tooth rat 10 [—0.02+0.17|>05 0 — | —-0.05+|>05
+0.06
White rat 10 |—0.55+ 0.1 | < 0.001|J-0.184+0.44| 0.2} —0.24+| 005
£0.10
. . b ) B .

The white rat and the meridian sand rat displayed a quite clear negative
response to the medium with increased carbon dioxide content. The rest of the
experimental species — the great and crested sand rats and the laminated-tooth

rat — displayed no significant response to its admixture.

The gas preference characteristics of the rodents we studied conform very
well with the ecological features of these animals. Spending a considerable
portion of their lives in burrows, they live in a peculiar gas regime. The
greater or lesser stability of this regime depends on the general architecture

of the burrows, the depth of their entrances and nesting chambers. It also
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depends on structure, aeration and degree of moisture in the soil. We must add
that during great heat or cold rodents often plug up their holes from inside with
soil and grass. This diminishes the already poor ventilation (Kucheruk, 1960).
Generally, of course, the deeper the burrows are located and the denser the soil
in which they are built, the weaker the convection of air in them. Compared with
atmospheric air, this air may have a little less oxygen and much more carbon
dioxide. It is known that oxygen penetrates into the soil more easily than /128
carbon dioxide is liberated from the soil. The quantity of carbon dioxide in the
soil increases with depth (Gilyarov, 1949). About 3% CO2 is found in the air of
the soil, and at a depth of 4m, even up to 8% (Doyarenko, 1915; Lyundegord, 1937).
In the sandy soils where desert rodents construct their burrows, the carbon dio-
xide content at a depth of only 15 em is 0.25%, and at a depth of 30 cm — 0.31%.
This is 10 times greater than its usual quantity in the atmosphere (Lyundergord,
1937). Thus, in proportion to depth below the surface, soil air is characterized
by an increased hypoxic and at the same time hypercapnic regime, which ordinarily
affects hot climates. Various animals react to these conditions in various

ways; it depends on their ecological specialization. Thus, burrowing rodents
endure hypoxic conditions better because of the already existing adaptability

of their tissues and entire organism to these conditions (Slonim, 1962).

There are data in the literature (Hall, 1966) that rodents which normally
live in burrows (or at high altitudes) where partial pressure of oxygen might
be reduced have a naturally lower saturation pressure of oxyhemoglobin. These
animals can consume oxygen when there is a lower content in it in the atmos-
phere. The gas preference characteristics of the burrowing rodents we have

cited serve to support this.

Of all the species we studied, the crested and, in particular, the great
sand rat spend a considerable part of their lives in very deep burrows (up to
3 m). In connection with what has been noted above, it can be assumed that
these rodents are adapted to enduring condtions where there is an oxygen defic-
iency and excess carbon dioxide. Our experiments indicated exactly this. The
laminated-tooth rat, similar in these reactions to the previously mentioned
sand rats, does not live in deep burrows, but builds them in dense, rarely

moistened and poorly ventilated soils.
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The meridian sand rat seems to be quite sensitive to Insufficient oxygen
and increased carbon dioxide concentration. He lives in simply~built burrows
with entrances located on the surface. The air in these burrows is similar to
the ordinary atmosphere. The latter seems to be the normal medium also for
the white rat, which also reacts negatively to a worsening gas composition in

the air to which it is not accustomed.

The data obtained confirm that gas preference is closely connected with

adaptability to a certain usual composition of the atmosphere.

Influence of Artificial Adaptation to Hypoxia and Hyperoxia 1129

on Animals' Gas Preference

As we know, a prolonged period in an environment with lowered partial
pressure of oxygen leads to a whole series of adaptive shifts in the respiratory
function and allied systems. An increased level of pulmonary ventilation is es-
tablished (Knowles, 1959; Davidov, 1966, and many others), compensatory reorgan—
ization of hemodynamics occurs (Weidman, et al., 1965) especially in the brain's
blood supply (Diemer and Henn, 1965; Voytkevich, 1966), erythropoiesis is in-
tensified, and the oxygen capacity of the blood increases (Voitkevich, 1963,
Siri et al., 1966; and many others). The function of the hypophysis~adrenalin
system is stimulated (Marks, et al., 1965), etc. There are changes at the
tissue and even the molecular levels of biochemical processes (Barbashova,

1960, et al.). As a result, an organism's resistance to oxygen starvation is

considerably increased.

First of all we had to find out how gas preference changes as a result of
adaptation to a hypoxic medium and what the probable physical mechanism of such
changes are (Breslav, 1967). The work was conducted on white rats. At first
we studied the gas preference of a group of 20 animals in relation to mixtures
with altered oxygen and carbon dioxide content. Then this group was exposed
to hypoxic adaptations. For a month, the animals were exposed every day for
12 hours in a large chamber filled with a mixture of 10% 02 and 90% N2 at at-

mospheric pressure. This medium corresponds to partial pressure of oxygen at

144



an altitude about 6 km above sea level. After

+;§_ the period of adaptation ended, the gas pref-
+02F erence of the rats was determined once more.
+a;- —d 1 After one month the animals' responses to the
:ngt % hypoxic medium were determined a third time.
-034-
:g;: Hypoxic adaptation led to a considerable
:gg: decrease in the negative response of rats to
—_zg: Ol @n S mixtures with~a lowered oxygen content. Res=
B B f 1 ponses to a mixture containing 9% OZ“decreased

14 7
g exceptionally noticeably (Figures 38 and 39).

Figure 38. Hypoxic gas pref-
erence of rats before (I), at
the end (II) and two months play a weakly expressed tendency to prefer
after the completion (IIL) of
adaptation to a hypoxic en-
vironment. Average data from after hypoxic adaptation they were inclined
10 animals. Horizontally -
percentage of oxygen in the
differentiated zone. The with a weakened response to hypoxia, indicates
rest of the legend is the
same as in Figure 37.

If the young rats under normal conditions dis-

oxygen in comparison with ordinary air, then

to avoid the hyperoxic medium. This, along

a change in gas preference toward a lower

oxygen content in the atmosphere.

Negative response of rats toward hypercapnic mixtures increased after
adaptation to an oxygen—poor medium. Their average choice index of a mixture

containing 9% CO, changed from -0.38 to -0.72. There is evidence in the liter-

2

ature of increased sensitivity to carbon dioxide as a result of prolonged exis-— /130

tence under hypoxic conditions (Archibald, 1964; Biget et al., 1965).

A month after the end of hypoxic adaptation, negative responses of rats
to mixtures with inadequate oxygen content not only were reduced, but even ex-
ceeded the origimal level. This was studied by Tribukait (1963) in rats ex-—
posed for a long time at high altitudes. Forty days after returning to sea
level, the animals displayed a reverse response to hypoxic adaptation — an
erratic decrease of the oxygen content of the blood. In this phase it must be
supposed that sensitivity tp oxygen starvation would be increased. This was

shown in our experiments in the form of pronounced avoidance of the hypoxic
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Figure 39. Kyrogram of the movements of a rat in a hypoxic
gradient (from 29 to 107 02) after adaptation to a medium

with 10.5% oxygen content. Avoldance of the hypoxic zone
is weakly expressed (compare with Figure 6, same legend.).

mixtures by the experimental rats.

Summarizing these data, we can conclude that adaptation to an oxygen-poor
atmosphere causes temporary changes of response in relation to various gas
media. In particular, gas preference seemed to be shifted toward lower oxygen
concentrations. Thus, it was possible to observe an adjustment to an altered
gas medium not only ih wild species of rodents resulting from their ecological
specialization, but also to reproduce it artificially by means of lengthy exposure

of laboratory animals to an atmosphere of corresponding composition.

If hypoxic acclimatization leads to the organism's adjusting to reduced
partial pressure of oxygen in a medium, then adaptation to a hyperoxic atmos-
phere probably would cause the opposite effect with corresponding change of

gas preference in animals.

To verify this assumption, we exposed rats intermittently (12 hours every /131

day for a month) to a gas mixture containing 75% O2 and 25% N2. The series of
experiments did not differ from those described above with the hypoxic acclima-

tization of rats.

On the basis of data in the literature (Becker-Freuseng and Clamann, 1942;
Ohlsson, 1948; Lazarev, 1951; Mullinax and Beischer, 1958; Balakhovskiy et al.,
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S, 1962), 75% concentration of oxygen can be considered

:Zﬁ& as close to the safe maximum. In any case, such a
+03 1” medium does not cause oxygen poisoning in animals ex-
+0.2r posed for many days, although accurate limits of more
+0;- 11 or less successful adaptability to hyperoxic medium
~01f have not as yet been definitely established (Zhironkin
:gi: and others, 1965; Troshikhin, 1966). Besides, it must
~04+ be taken into account that an organism adapts more
:gg: easily to the intermittent effect of hyperoxia than
-0.7} [ to a constant effect (Boycott and Oakley, 1932).
-08f
_OQT o Bb As is shown in the results of determining the

1

hypoxic and hyperoxic gas preference in rats before
Figure 40. Hypoxic
and hyperoxic gas
preference of rats oxygen content, negative response of animals to a
before (I) and at
the end of (II) 2
adaptation to a Adaptation to a hyperoxic atmosphere hardly influ-
hyperoxic environ~
ment. The legend
is the same as in toward a weakly expressed positive 'reponse to a
Figure 38.

and after their exposure to a medium with increased

mixture containing 10% O, did not undergo any changes.

enced even the tendency of the experimental rats

medium with an over—-concentration of oxygen (Figure
40).

/132
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Consequently, adaptation to an oxygen-enriched gas medium did not cause
in the animals any kind of significant shift (judging by their gas preference)
of "adjustment" to a specific oxygen content in the atmosphere, although an
hypoxic medium causes such a shift. Evidently, a lack of oxygen, as opposed
to its excess, has a specific effect. Hypoxemia is really one of the inseper-
able components of muscular activity ("motor hypoxia'", as it is expressed by
A.B. Gandel'sman), and adaptation to this factor is customary for the organism.
Not without reason, adaptation to hypoxia improves efficiency, and physical
training in its turn makes it easier to adapt to an oxygen—poor atmosphere
(Hurtado et al., 1956, cited by: Schreuder, 1966; Barbashova, 1960; Letunov,
1965; Salatsinskaya, 1967). The hyperoxic medium, although it alsoc causes
adaptive responses (see Chapter II), is a physiologically inadequate factor
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and therefore does not have the ability to change an organism's "adjustment"

to a specific oxygen regime.

Exposure to a Rarified Atmosphere and Gas Preference in Man

In man we had to find out how gas preference changes during a period in
an altered gas medium. In particular, it wae necessary to study active
choice responses to mixtures with rapid switching to ordinary atmosphere, as

well as during extended periods.

The first part of our problem was solved by "ascents" in an altitude
chamber. We used a Model PBK-53 altitude chamber, suitably redone. A special
compensator valve permitted the subjects to breathe the gas mixtures through
spirographic equipment mounted on the outside (described in Chapter I). Re-
sistance was fixed, and it did not depend on the degree of air vacuum inside

the chamber.

The gas preference of the subjects was studied at "altitudes" from O to
6.7 thousand meters. First an "ascent" was made to a certain pressure. Then
the experiment was conducted according to the usual program. The respiration
time for breathing each of the offered mixtures was 15 minutes. At the end
there was a "descent”. In each experiment air (21% 02) was compared to a mix-

ture with an increased oxygen content (from 30 to 98%).

We found that man clearly distinguishes these hyperoxic mixtures, prefer-
ring them ta ordinary air if the "altitude" in the chamber reaches 3 - 4 thous-

and meters:

Percent of subjects choosing
"Altitude" mixtures with increased con-
(in thous. m.) tent of 02
0 33
2.8 43
4.5 88
6.7 100
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Under these conditions, breathing mixtures with an increased oxygen content not
only raised oxygenation of the blood, but also led to lowered pulmonary ventila-
tion. This indicated an oxygen deficiency (Haldane and Priestley, 1935; Dem~
beau, 1957; Malova, 1962; et al)

It is known that the higher the oxygen concentration in a respiratory mix-
ture, the greater the atmospheric pressure at which such a mixture can maintain

o in the pulmonary avleoli (Carlyle, 1963; and others). Imn this

2
case the "physiological equivalent of altitude" is revealed in the positive

reponses of the subjects to hyperoxic mixtures on reaching certain "altitudes".
An analogous phenomenon was noted by Finkelstein et al (1965): in the pressure
chamber at high "altitudes", pure oxygen caused a feeling of decreased respira-

adequate P

tory effort in man.

To explain how active choice of respiratory mixtures changes in the process
nf adapting to an unusual atmosphere, we tried to find out what shifts of gas

preference man makes during periods in the mountains.

Living in a high-mountain climate is an effective means of acclimatizing
the human organism to hypoxia (Agadjanyan et al., 1967; and many others). The
basic factor here is, of course, the lowered partial pressure of oxygen. An
important factor is also the intensive muscle load which accompanies a mountain
climb. This considerably increases the oxygen demand of the tissyes. By in-
creasing "external" hypoxia, muscular activity increases the efficiency of

adaptation to an oxygen deficiency (Salatsinskaya, 1967, et al.).

Our experiments in the mountains were conducted with people who had vari-
ous (in general, not much) mountain climbing experience. First we determined
the subjects' responses to respiratory mixtures with various oxygen and carbon
dioxide content. This was done under laboratory conditions at sea level by /134
the usual method. Then they moved tc the region of the mountain camp at Uzon-Kol
(Western Caucausus). They lived here at an altitude 2.2 km above sea level for
a month and underwent intensive mountaineering training, including climbs to
4.2 km. During this period in the mountains, the subjects spent the next to
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S0--0.5* i times during their stay at high
9 509 R :
3 E @ of — altitudes, the subjects were
oo+t
ﬁ‘ﬁ 20 ! — : : ] 1 repeatedly tested for their res-
—_ Before mts. Period in mts. After mts.
< ponse to gas mixtures. These
Figure 41. Changes in human responses to an
N _ same experiments were conducted
hypoxic mixture (Po = 80 mm Hg)
2 again after their return to low
under the influence of a period in the moun- .
tains. Data from 10 subjects. The legend level. We must point out that
is the same as in Figure 7. (mts. = mountains) in the mountains mixtures were
used with a somewhat lowered
composition in comparison with those used at low levels. This was done to

maintain the same partial pressure of the differentiated gases allowing for de—
creased general barometric pressure of 589 mm Hg at an altitude of 2.2. km (in-
stead of 10.5% 02, the mixture contained 13.6% 02; 7% concentration of 02 was
replaced by 9.1%; the hypercapnic mixture in the mountains contained not 5,

but 6.5% C02).

As a result of the influence of the lowered partial pressure of oxygen,
all the subjects in the mountains developed decreased oxygenation of arterial

blood, increased pulse rate and increased VRM. In the first tew days some com—

plained of headache and fatigue.

With this background, breathing hypoxic mixtures caused increased ventila-
tor response and an even greater decrease in oxygenation of the blood (Figure
41). Analogous facts have been noted by a number of researchers (Lefrancois

et al., 1966; and others)., Man's ability to distinguish mixtures with a low-

ered oxygen content increased; negative response to such mixtures was much

more constant than under low-level conditions. When the oxygen content in a
closed system of return respiration was lowered gradually, the subjects noted

the change in their own feelings ("it's harder to breathe”, "not emough air",
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etc.) earlier and at a
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Before mts. Period in mts. After mts. (o gtimulus of respiration,
Figure 42. Changes in human responses to pure caused by an oxygen deficiency,

vxygen under the influence of a period in the
mountains. Data from 10 subjects. The legend
is the same as in Figure 7. people who have arrived at a

is retained completely by

high-altitude zone from a low
level (Lefrancois et al., 1966).

On the other hand, negative response to pure oxygen disappeared in the
mountains (Figure 42). Breathing oxygen caused a more noticeable increase of
oxygenation of the blood in the subjects than it did at sea level. These char-
acteristics of response to oxygen were still more strongly expressed when the
subjects arrived at an altitude of 3,000 meters. Here inhalation of oxygen was
accompanied by a significant decrease of VRM, and in the majority of cases by a
positive response ("easier" or "milder" to breathe in comparison with air).
These data agree basically with the results obtained in the altitude chamber

experiments.

It was shown above that animals exposed to a hypoxic medium develop an
increased sensitivity to carbon dioxide. An analogous phenomenon can also be
noted in people: the subjects distinguished the hypercapnic mixture (PC02 was
38 mm Hg) more clearly in the mountains than at low levels; corresponding choice /136
indexes were -0.56 + 0.12 and ~0.45 pa 0.11. Ventilator response to hypercapnia
also increased, which agrees with data presented by other authors (Chiodi,

1957; Michel and Milledge, 1963; Akhmedov at al, 1968).
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By the end of the month-long period in the mountains, the subjects had
developed signs of high-altitude acclimatization. They felt better, the level
of oxygenation of the blood increased, tachycardia disappeared.

In this period, responses to breathing various gas mixtures also changed.
Negative response to a moderate hypoxic medium decreased somewhat (Figure 41),
but response to pure oxygen again became weakly negative (Figure 42). This

can be considered as a sign of the restoration of a more or less normal

oxygen regime.

Thus, a period in the mountains is accompanied in man by a natural change
in respiratory responses and preference for various mixtures. This is comnnect-
ed, on one hand, with a specific degree of oxygen insufficiency in an organism,

and,on the other hand, with developing adaptation to the hypoxic medium.

After the subjects returned to lower levels, their responses to mixtures
with an altered oxygen content returned to approximately what they were origi-
nally. We did not succeed in observing aftereffects of adaptation to hypoxia
in man; these were noted in animal experiments. This is probably explained
by the relatively longer interval (6-7 days) between the subjetts' descent
from the mountains and the beginning of the experiment under low-level condi-
tions. By this time adaptation could have been lost to a significant degree
(Alipov, 1969, et al.).

Thus, the dynamics of human gas preference reflect to a specific degree

those physiological shifts which develop in the transition to an altered res-
piratory medium and in the process of adapting to it.
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CONCLUSION

The data discussed in the present work can be considered in two aspects:
analyzing the ability to differentiate changes in the composition of inhaled
gas mixtures, and analyzing the physiological adequacy of those mixtures.

THE ABILITY TO DISTINGUISH CHANGES IN THE COMPOSITION
OF A GAS MEDIUM

Even a brief survey of "respiratory behavior" of animals on a physiological
level shows that the choice of a preferred gas medium — gas preference — is
for many organisms .an important form of regulating respiration. It is a mnatural

reflex act, resulting from impulses from corresponding chemoreceptors.

In higher animals and man, who live in an atmosphere of almost homogeneous
composition, gas preference can be shown only by experimental means. This kind
of behavioral response to factors not encountered in the normal medium is al-
ready known. As an example, we can use radioactive irradiation. The organism
does not have any kind of receptors for direct perception of ionizing radiatiom.
Nevertheless, in experiments on animals, negdtive responses to radiation, or
more accurately to those conditions in which it occurred, have been successfully
observed (Garcia et al., 1955; Darenskaya and Pravdin, 1968; and others).
Evidently, behavioral responses to radiation are produced on the basis of a
combination of internal impulses and the accompanying signals from the surround-
ing environment. Our research indicates a similar mechanism of gas preference
response. The organism is not able to distinguish the composition of a gas
medium directly (and in ordinary life it has no need to), but perceives changes
in it through shifts which take place in the internal medium. The blue-yellow

and other "internal" chemoreceptors evidently serve as sensory apparatus here.
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As has been emphasized, verbal signaling is a part of the human response /13
to changes in the composition of inhaled mixtures. Evidently, in this case
there is the possibility of perfecting the ability to distinguish gas media.
As man perceives changes in the composition of the atmosphere by his own internmal
medium, then the better he is able to perceive (more accurately, to tramsfer to
the verbal level) the interoceptive signals received by the brain, and the sooner
he notices shifts of the gas regime in his own organism. In fact, instructions
about the necessity of recording, i.e., verbally formulating, the onset of a
feeling of weariness accelerates the manifestation of fatigue during muscular
work (Liberman and Trubitsina, 1954). If a man is informed before an experiment
about the signs of hypoxia and hypercapnia, he will be able to evaluate more ac~
curately the shifts of the gas regime which develop in return respiration in a

closed system (Gandel'sman et al., 1966).

Individual characteristics of people in relation to such self-evaluation
are quite diverse. We still have little data for a decisive answer to the
question of man's ability to be trained to distinguish gas mixtures. But in
principle, such training is completely possible. Of course we are talking
about moderate shifts in the composition of an inhaled medium. It must not be
forgotten that in severe degrees of hypoxia and hypercapnia the differentiat-
ing function of the brain is impaired (Brestkin, 1968; et al.). The effect of

this i1s loss of adquate behavioral responses, which we also noted in animal

experiments.

The practical side of this problem is important. It is sufficient to
point out the problems of safeguarding pilots and cosmonauts from oxygen star-
vation. In domestic and foreign aviation medicine, attention is constantly
being drawn to the dangers with which high~altitude hypoxia is fraught. The
necessity of using oxygen in specific situations is also emphasized. G. Arm-
strong (1954) considered the lack of sensations, quite typical of hypoxia, as
the most important reason for the indifference of some specialists and pilots
themselves to this problem. "In almost all impairments in an organism, nature
gives warning signals in the form of feelings of sickness or other unpleasant~-

ness. In altitude sickness, on the contrary, not only can all symptoms
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be lacking, but sometimes a feeling of well being is completely maintained ...
Therefore, it must be regretted that altitude sickness 1s not accompanied by
illnesses or other unpleasant sensations. If this were so, the health of the
flight personnel and the safety of the pilots would profit." (Armstrong,
1954:223).

To these words we must add that it is as if the inadequate subjective sig-
nals of hypoxia develop and consolidate in certain cases. A published report /139
has recommended that man's ability to "feel" ionizing radiation be developed in
order to provide a natural system of fatique when there is a hazard [1]. We
think that it is easier (and frequently also more important) to improve man's
ability to detect those changes in the composition of the respiratory medium
which are important for his efficiency, health, and sometimes even his very

life.

GAS PREFERENCE AND ADEQUATE RESPIRATORY ENVIRONMENT

Research data lead us to the conclusion that the gas preference of higher
animals and man can serve as an indication of the range of changes in the com-~
position of the respiratory environment within which ordinary adaptive mechan-
isms are sufficiently effective, at least for short periods. Negative responses
to breathing specific mixtures are activated when these mechanisms are insuf-
ficiently effective and/or excessively strained. As has been noted, in man
this kind of response of his own mechanism 1s similar to the effects of short-
ness of breath. This can bg considered as a negative response to a disparity

between the respiration regime and the gas composition of the internal medium.

Studying the active choice response to gas media in animals and man,
under altered atmosphere conditions for prolonged periods or temporarily, has
led us to the conclusion that gas preference is connected with "tuning" of
physiological functions to a certain composition of the respiratory environment
This tuning is composed of both inherent (the result of natural selection) and

acquired (the result of adaptation) responses.
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In the wide sense, gas preference reflects the relationship between the
physiological composition of the organism and adequate limits of the partial
pressure of respiratory gases. Following the classification of forms of be-
havior proposed by A.D. Slonim (1967), the choice of a preferred gas mixture

can be defined as "a reflex for the preservation of the internal medium of an

organism and the conservation of matter".

Some analogy is apparent between the choice of respiratory media and the

choice of various forms of food and drink mixtures. An organism reacts differ-

ently to food in general depending on its satisfied or starving condition
(Stroganov, 1929; and others). When a diet is altered, positive responses to
deficient substances increase and are decreased in relation to excessively in-
troduced substances (Savich, 1913; Breslav, 1951; et al). I. P. Pavlov
(1923) called the food center the acceptance regulator of substances necessary
for vital chemism. The intake of water and salt is delicately regulated
(Cassil', 1964; Beck et al., 1965).

B.N. Chernigovskiy writes about active choice responses: '"Signaling,
which comes from interoceptors, is important not only for regulating system
functions of an organism, but also is capable of effectively influencing the
behavior of the animal ... The lack of one or other ingredient causes complex
behavioral responses in the animal. ... These data," Chernigovskiy notes
further, "indicate that the higher sections of the central nervous system
(without them, of course, any kind of complex behavioral acts are impossible)
are not only necessary in a stabilized internal medium for active adaptation
of an organism to the surrounding medium. In higher animals they themselves

become one of the factors maintaining homeostasis.”" (1960:576).

We have already expressed the thought that in some cases the optimum en~
vironment for an organism can be not his usual atmosphere, but a gas mixture
of another composition. As a matter of fact, in heavy muscular work, accom-
panied by expressed hypoxemia, the physiologically adequate medium is probably
one enriched with oxygen. Demands on the respiratory environment change also

when there is insufficient oxygen and excess carbon dioxide from other
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causes — in particular, gas preference shifts in the mountains or on a back-

ground of hypercapnia.

Evaluating various formulae for an artificial room atmosphere, V.B. Malkin
(1968) indicated the possibility of using an "active" gas medium which ought to
tone up the organism, create the necessary functional load, especially necessary
under conditions of hypodynamia and weightlessness during space flight. The
author assumes that such factors as periodic deficiency or excess of oxygen and
increased carbon dioxide concentration will be used. In his opinion, "stimulat-
ing" and "inhibiting" atmospheres could be alternated to maintain the necessary

rhythm of work and rest.

We suggest that the gas preference method can also be used in solving

these problems. A study of positive and mnegative active choice responses to

the vast spectrum of gas mixtures shows approximately what respiratory medium
composition is most suitable for a given organism in specific conditions of

its vital activity. This helps in choosing optimum variants and safe deviations
in the composition of an artificial atmosphere for men working in high—altitude
or space flights, underwater or underground descents, etc. This might also
prove useful as the physiological basis for using various respiratory mixtures

for medical purposes.

I will take this opportunity to express deep appreciation to director
of the Physiology of Respiration Laboratories, Professor A.G. Zhironkin, who
created all the conditions for the successful completion of our work. Invalu-
able contributions to this research were made by Ye.N. Salatsinskaya,
A.M. Shmeleva, A.I. Samushchenkova, G.P. Burenko, E.A. Konza, B.N. Volkov, and
A.P. Shatilo. To my colleagues in the laboratory, I convey the most sincere
thanks.
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